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FOREWORD

This report describes the work Performed by the Cornell Aeronautical Labora-
- tory, Inc. under Contract Nony-365%(00){F BM), sponsored by the Office of

- Naval Research of the Dcpartment of the Navy. The time period of the contract
ran from 16 October 1961 to 20 August 1962, The program is being conducted
under the general direction of Cdr. F. R. Haselton, Code 466, and R. Cooper,
Code 438, of the Office of Navy} Research.

The authors wish to express their gratitude to Messrs., E. F. Schroeder and
L. Segel (Vehicle Dynamics Department, CAL) for their contributions to the
stability and control studies, apdto Messrs, C. Tufts, F. DuWaldt and

E. Sullivan (Applied Mechanicg Department, CAl) for valuable assistance in
the hydrodynamic studies.
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ABSTRACT

Hydrodynamic and stability and control characteristics are investigated for a
novel submarine configuration employing tandem, large hub-to-diameter ratio
propellers whose blades can be pitched both collectively and cyclicly. The

i propulsion and lateral control forces which can be prcduced by the propellers
at very low forward speeds {including zero) are defined by means of simple
blade-element theory that includes, however, the effects of propeller-induced,
axial inflow velocity. The resulting analysis is employud to investigate the

problem of trimming the secbmarine at hovering speeds.

An earlier analysis of stability and control at high speeds was continued and
extended. The analisis indicates that the TPS can be stab:lized an? controlled
at high speeds. Maneuvering performance in the pitch-plane is equivalent to
that of a conventicnal submarine except that a higher percentage of the total
avaiiable control effectiveness must be used in performing diving maneuvers,

It is found tha the munmiraum turming radius of the TPS, when operating at high
speeds, is approxima.ely five t'mes greater than that of a conventional sub-
marine, as a result of the requirement for using part of the control effectiveness
for stabilization purposes. As operating speeds are decreased, however, the

; turming performance of the TPS becomes markedly superior to that of the con-

ventional submarine.

In addition to two-proupeller operation, stability and control 1s anvestigated for

off-design conditions, with either the fore or aft propeller operating as the

active control element
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INTRODUCTION

In October 1961 the Cornell Aeronautical Laboratory, Inc. undertook to inves-
s tigate the hydrodynamic and stability and control aspects of a novel submarine

configuration utilizing variable-pitch, large hub-to-diameter-ratio propellers.

The configuration, invented by Cdr, F. R. Haselton of the Office of Naval

Research, eraploys two propellers mounted circumferentially (forward and aft)

on a neutrally buoyant body of revolution, to produce any combination of forces
and moments. By means of this arrangement, which has been called a Tandem
F Propeller Submarine (TPS), 1t is possible to produce control forces in three

- degrees of freedom, or control moments in three degrees of freedom, as well

I as combinations of these forces and moments.

The work undertaken by the Cornell Aeronautical Laboratory has as 1ts basic
objectives {a) the theoretical determination of the hydrodynamic characteris-
tics of the tandem-propeller configuration, (b) an investigation of the trim and
i stability and control characteristics of the controlled submarine, and {c) a
- comparison betwecen the TPS and a conventional submarine with respect to

stability and control characteristics and handling qualities.

l 1 AG-1634-V-2
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Certain of these objectives were partially achieved and reported upon in Refer-
ence 1, entitled "First Interim Report on the Hydrodynamics and Stability and
Control of a Tandem Propeller Submarine!' Reference }, contains alarge portion
of the general results of the entire program and will be frequently referred to
in what follows. The present report covers work accomplished since the
publication of Reference 1 and should be treated as a continuation of that report,
since it has not been considered practical to attempt to repeat hezein the bulk
of the material presented in the earlier document, (It should be noted however
that some of the key figures and the terminology are repeated in Section IIL.)
Accordingly, the reader will profit by reviewing Reference 1, especially the
section on stability and control (Section VII). For those who canpot, the section
entitled "Summary of Conclusions' is taken verbatim from Reference 1 and
repeated below in the hope that it will help bridge the gap between Reference 1
and this report,

(1) Analysis of the stability coefficients for the high-speed case
shows that, in comparison with conventional submarines, the
gains in control effectiveness achieved at low and zero speeds
{plus the gain in control flexibility) are obtained at a sacrifice

of high-speed control effectiveness.

{2) The TPS is dynamically unstable in pitch, unless control forces
and moments are applied to modify and eliminate this instability,
The instability arises primarily from the large unstable pitching
moment due to angle-of-attack ( M,v ) relative to the Javels of

damping in pitch (/'7}_ ) possessed by the TPS.

(3) The divergence in pitch motion, due to instability, 1s sufficiently
severe to require automatic stabil:zation in contrast to manual

stabilization.

(1) Although other types of stab:lizing feedbacks were investigated
for use 1n an automatic pitch-control system, simple pitch-rate

and pitch-angle feedbacks were found to be effective. Well-
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damped pitch-angle responses to pitching moment control inputs
can be obtained in about 60 seconds. Corresponding steady-
state dive or climb rates of about 6 ft/ sec are easily achieved.

These figures do not represent maximum achievable performance.

(5) An analog computer investigation shows that the level of the
command control inputs must be limited to keep the propeller
blade angles of attack within their stall limits when cyclic and
collective pitch are used for automatic stabilization. Computed
feedback-loop gains that originally appeared to be so large that
continual satura‘ion of the cyclic-pitch control would result,
were found to be acceptable, provided limits were placed on

maneuver demands,

(6) Although an investigation of the yaw-plane dynamics has not been

completed it is probable that conclusions, similar to those given

above for pitch, will eventually be reached.

(7) It has been shown that within certain speed limits it is possible
to trim the TPS in high-speed, straight and level flight, with
one propeller fixed and one operating, Speeds of about 15 knots
can be achieved with a single propeller operating at 50 rpm.
(An investigation of the problem of mancuvering the TPS with
one propeller operating rema:ns to be completed, It 1s antici-

pated that this control mode wiil present a serious problem,)

(8) With respect to the overall stab:lity and control problems, the
tentat:ve conclusion i1s reached that automatic control of the TPS

submarine 18 fcasible. Compari on with a conventional sub-

marine has not yet been made nor has the question of handling

qualities been examined fully.

3 AG-lb34-v-2
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The present report is devoted, in the main, to the following topics:

: (a) A theoretical development (started in Ref. 1) of the hydro-
‘ dynamic forces/moments produced by the tandem
propellers in low-speed flight, including hovering {inflow
velocity is taken into consideration, but cascade effects,

swirl and propeller interaction are not).
{(b) A brief investigation of trim operation at low-speed.

(c)  Stability and control studies of the pitch and yaw plane
_ dynamics at high speed. (This work is comparable to the
' pitch-plane studies reported in Reference 1 and, in fact,
is a logical continuation of that work.}

(d} A discussion of the predicted handling qualities (limited
to unpiloted, controlled-vehicle performance) of a TPS

configuration, including a comparison between a TPS and

a conventional submarine,.
(e) A brief investigation of the influence of hovering and high-

speed maneuvers on control linkage resolution.

A summary of the results that have been obtained and of the conclusions drawn

tc date for the entire program is given in Section II. Recommendatiuns for

future werk are discussed in Section VIII.

AG-1p34-Vv.2 4
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SUMMARY OF RESULTS AND CONCLUSIONS

—— Ame = agy

Results and conclusions based on work performed prior to 25 March 1962 were
reported in Reference 1 and repeated in the Introduction (Section I). Results
and conclusions, based on work accomplished since the publication of Reference 1

are given below.

{1) The previously presented hydrodynamic analysis for the low-speed
{and hovering) case has been refined and brought into conformity
with the nomenclature and symbology of Reference 1 and this
report. The complete set of equations describing the forces/
moments produced by the propellers on the hull are given in
Table 4. 1-1. These equations include the effects of propeller-
induced axial-inflow velocity, but not the effects of blade cas-
cading, swirl and propeller interaction, The validity of the

equations in Table 4. 1-1 is subject to these limitations.

(2) The above equatiens have been reduced to a set of approximate
force/moment coefficients {see Table 4,1-2) that yield the pro-
peller forces/moments, at zero speed, as a function of the
motion variables &, ¥, f . ;— » 7 and the bladc-angle
components 5 . 5,, and Sz (collective, sine-cyclic, and
cosine-~-cyclic pitch respectively). These cocfficients are sub-
Ject to further limitation that rg, be small ( &£ about 0.1 rad)
and that 5/ and 52 be small relative to 50.

5 AG-1634-V-2
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1 {3} Trim operation at zero and nearly zero forward speeds was inves-
tigated in connection with the production of pure sideforce under
these conditions, It appears that tke production of pure sideforce,
at zero forward speed, cannot be accomplished with zero collective
pitch in the propellers and that counter-thrusting collective pitch
must be used, Under the restrictions given in (2) above 4 and ?
velocities of about 0.1 ft/sec ({L T 1 rad/sec) and .5 ft/sec

(fL ¥ 5 rad/sec) can be achieved. In performing pure transla-
tional maneuvers at very low speed, coupled forces/moments
exist, but they are generally quite small and it should be possible

to null them out by proper control action.

(4) It has not been possible to accomplish any significant work in the
) general area of six-degree-of-freedcm stability and control at
low {and very low) forward speeds. It is anticipated that this
work will be accomplished at some future date, with the aid of an

analog computer simulation (see Section VIII).

(5) Athigh forward speeds, the proposed TPS configuration is capable
of maximum diving rates comparable to a conventional submarine
of the Albacore class. These large depth rates, however, require
about 22% of the available control pcwer compared with about 8%

in the case of the Albacore.

(6) Athigh forward speeds direct-axis feedback stabilization is
desirable i1n both yaw and pitch plane mancuvers. Pitch angle
and depth rate are most effectively controlled by ordered pitching
morient control (57,,c). Yaw rate 1s most effectively controlled
by ordered yawing moment contro! {S,./c). & -force and Y -force

commands ( 52¢ and JJQ ) require excessive propeller blade angles,

(7) Nonlinear control coupling effects are neghigible in the yaw and

pitch planes at high forward speeds.
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(8) The yawing moment due to roil rate and sideforce due to roll rate
derivatives ( N‘f‘ and )ff respectively) are negligibly small, thus
eliminating yaw plane stability dependence on roll coupling and
separating the yaw plane from the roll plane in all st%.ﬁint‘y‘"c‘él‘cu-
lations at high forward speeds. Conversely, the rolling moment
due to yaw rate and side velocity derivatives ( K and Ko~ ) are
not negligible and the roll behavior of the submarine is affected

by yaw plane motions.

(9) Stable, easily controlled, submarine yaw plane motions result
from single propeller operation at high forward speeds when the
forward propeller ig disabled. Conversely, when the aft propeller
is disabled, yaw plane instability occurs for feedback gains that
produce well-behaved, two-propeller submarine responses. Very
large feedback signals are necessary to achieve static stability
when the aft propeller is disabled, and the dynamic response of the
submarine is totally unsatisfactory, Additional stability augmenta-
tion through feedback control is not possible in this case, requiring
modification of stability derivatives (through the use of auxiliary

control surfaces, for example),

(10) Gyroscopic coupling between the pitch and yaw planes, resulting
from unbalanced propeller operation, is negligible at high forward

speeds.

(11) With respect to overall stability and control problems the general
conclusion 1s reached that automatic control of the TPS submarine
is feasible. Limited comparisons with a conventional submarine
have been made and no drastic differences i1n pitch-plane mancu-
vering performance have been found for the high forward speed
case, There 13, however, a significant difference in the percentage
of total available hydrodynamic forces available which must be
used to perform certlin maneuvers, the TPS requiring higher
percentages than a conventional submarine. As a consequence

maximum yaw-plane fesponses are somewhat less than those of

-~}
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a convertional <ubmarine. These high-sneed limitations on TPS
maneuverability are not serious, however, because the operation
of the TPS is such that turning maneuvers can be perfogmed at

low speeds, where the propeller forces and moments can be used

to greatest adv.antage,

(12) A preliminary investigation of the influence of maneuvering
requirements on blade-pitch angle resolution reveals that the
high speed case will probably determine resolution. For example,
in order to change forward speed by cne ft/sec a resolution on
collective pitch, S. , of about 1* is needed., To change steady-
state dive angle by 1* a resolution on sine-cyclic pitch, J; , of
about 0.2° is needed. The requirement on the resolution of
cosine-cyclic pitch, &L ,» does not appear to be as stringent as

that on sine-cyclic pitch,

AG-lo3i-Vv.2 8
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1
) SYMBOLS AND NOMENCLATURE
'

The symbols and nomenclature used in this report are, for the most part,
those used in Reference 1. For convenience these are repeated here, along

with new symbols, in Table 3-1,

The postulated TPS configuration, ,the blade pitch-angle geometry, and the
physical constants associated with the postulated configuration are also those

of Reference l. These data are repeated in Figures 3-1 and 3-2 and Table 3-2.

9 AG-1634-V-2
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TABLE 3-1 Symbols and Nomenclature

Description
Max. hull diameter (or drag coefficient)
Fineness ratio = 2/d
Length of submarine
Distance, fore point to c.g.

Distance, prop. plane to c.g.
(,Qz carries no sign) -

Metacentric height

Submerged displacement (= Weight)
Average propeller radius

Average propeller diameter

Number of blades per propeller

Blade area

Blade angular velccity {(LL carries no sign)
Blade angular velocity ( carries no sign)

Lift coefficient (the symbol( is some-
times used)

Profile drag coefficient (the symbol d is
sometimes used)

Induced drag coefficient
Flight path angle of the blade (see Fig. 3-2)
Blade angle-of-attack (see Fig., 3-2)

Total instantaneous blade pitch
{see Fig. 3-2)

Collective pitch (sce Fig, 3-2)

Change in ce'lective pitch {(see Fig, 3-2)

10

Units

ft (dimensionless)

ft

ft

ft

{t

lbs

ft

ft

e

rad/ sec

rev/ sec

rad

rad

rad
rad

rad




Descriptin Units
bo =  Blade angle of attack due to collective -
b pitch ( 4, w §, 406 - &0 rad
o~ = Blade azimuth angle in plane of prop.
(see Fig. 3-2) rad
5; Sm o~ =  Sine component of cyclic pitck rad
(see Fig, 3-2)
$; cos o~ = Cosine component of cyclic pitch
(see Fig. 3-2) rad
a, b = Dimensionless constants used to define
inflow velocity
2
i v = Total velocity of c.g. (/= L+ U w2 ) t/sec
w = X -component of velocity
: {perturbation = & ) ft/ sec
a = -component of velocity
perturbation = I ) ft/ sec
w = -component of velocity
(perturbation = g7 ) " ft/ sec
| Y = A -component of,total angular velocity
{perturbation = ¢ ) rad/ sec
‘ i = ~component of total angular velocity
(Perturbation = g ) rad/ sec
-, 7‘ =z -component of total angular velocity
' (Perturbation = P ) rad/ sec
v = Blade velocity relative to water
l {see Fig. 3-2) ft/ sec
A 'U't = Tangential component of v ft/ scc
l Ua = Axial component of Vv ft/ sec
l ,4{ = Propeller-induced (axial) inflow velocity ft/ sec
Af-/(‘z-/(j = Coefficients of accession to mass along
X - g - 3, dimensionless
l ’Q'KS'KG = Cocfficrents of accession to inertia
around x-’y-é, dimensionless
‘ 11 AG-1634-V-2




1 Symbol Deucription Units
m = Mass of submarine #-seczl ft
m, = Virtual mass along X = Mz [1+ £ ) ¥-sec/tt
m, = Virtual mass along} = 1+ kz) #-seczl £t
”, = Virtual mass along 3 = M2 (1+ ) #-sect/tt
Jx'a"{)."'jé" = Sub;ix;i}moments of inertia about #-{t-se’cz

= Virtual moment of inertia abcut/(=];a//f&) §-fr-sec’

= Virtual moment of inertia about/: ],._o//f-G) #-it—secz

=  Propeller angular momentum # -ft-sec
=  Water density ¥ -sec?/ o

= Trim thrust available from cne propeller #

Lix

Zyy

13} = Virtual moment of inertia aboutJ:goﬁ-ﬁ&) #-ft-secz
H

.

Mo =  Trim moment of one propeller ft-#
g =  Trim propeller power hp
M‘ = Metacentric pitching moment coefficient
= ft-#/rad
" s .
XC' Yc- ZC = Contrcl (propeller) forces (hi-speed) #
&‘ Mc-Ne = Contro! (prcpeiler) moments (hi-speed) #-fe

EX-2Y-52

Comb:ined propeller and hull kydro-
dynamic and hydrostatic forces (ki-speed) o

ZK-SM-fN = Combined precpeller and hul! hydro- ¥ -ft
dynamic and hydrostatic moments (hi-speed)
XP- YP- Z'P = Tota! propeller z.y-é forces {(low-speed) #
K -MP—/V z Total propeller }-y- moments
P P {(low-speed) y é/ ft-o

AG-1In3d4-v-2 12
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Propeller axes are parallel to body axes but wath >rigin at & :12_ '

iorward and aft,
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Symbol Description Units
! * —
w = Dimensionless X -force derivative due to ¢
’ —
v = Dimensionless ; -force derivative due to "
1 .
Yn. = Dimensionless ;, -force derivative due to §/
) .
rp = Dimensianless }-force derivative due to ¢
I a—
2../ = Dimensionless )-force derivative due to &/
¥4 [
Zi = Dimensionless } -force derivative due to &
’ . . . . -
v = Dimensionless X -moment derivative due to U~
/
/f/n = Dimensionless Y-moment derivative due to P
/
/(/,, = Dimensionless  X-moment derivative due to §/
' . —
= imensionless -moment derivative due to
My h) ionl t derivative due to iJ
‘ . ’
M = Dimensionless -moment derivative due to &
4
/ . . . >
/Vv = Dimensionless } -monient derivatave due to U~
’ -
, =  Dimensionless -moment derivative due to
n
l o
/V, = Dimensionless } -moment derivative due to ¢
XP . . ] . -— F%
” = Dimensional X-force derivative due to q’ #/{t per sec
P . . . "
X’ = Dimensional J-force derivative due to ¢P #/rad per sec
P . . . § - .,
Yr = Dimensional de-force derivative due to 2/;. #/{t per sec
P .
)% = Dimensional é -force derivative due to 6f, #/rad per scc
P —
" =  Dimensional a{-force derivative due to & $/f{t per sec
I ' .
2/-__ = Dimensional }—forcc derivative due to {/P 2/ rad per scc
x Atl of the primed derivatives and the {,: superscripted derivatives apply to
the high-speed case only. These are hull and propeller derivat:ves respectives ;.
**  Thkt # subscript denotes perturbations with respect to propeller axes.

P T S
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Description
—

Dimensional Y-moment derivative due to
Dimensional X -moment derivative due to
Dimensional ;-moment derivative due to
Dimensional }-moment derivative due to
Dimensional }-moment derivative due to
Dimensional

}-moment derivative due to

?.-lf - components of lift and drag,
prop.” axes

Tangential force at average radius R
1-; *Jy components of moment, prop. axes

Lift and drag forces

X
Dimensional X -force propellier coefficient

due to oS

Dimensional X -forcc propeller coefficient
due to [5§)*

Dimensional X -force propeller coefficient
dueto §% or 57'
’ 2

Dimensional -force propeller coefficient
due to §,

D:mensional # -force propeller coefficient
due to AS‘&

Dimensional } -force propeller coefficient
due to §

Dimensional

J -force propeller coefficient
due to AS-S,

:S‘ \EI \ql \m‘*t‘ 8.

Units

#-ft/ radper sec
#-ft/ftper sec

# -ft/radper sec
# -ft/ft per sec

# -ft/ft per sec

#-ft/radper sec

#-ft

#/rad

#/rad -

4/ rad .
#/rad
2
#/rad”
#/rad

#/radz

* All of the propel!
speed case,
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Symbol

"

Description

Dimensional X -moment propeller
coefficient due to A§

Dimensional X -moment propeller
coefficient due to  § < or &"

Dimensional & -moment propeller
coefficient due to (45 )%

Dimensional 4§ -moment propeller
coefficient due'to §

Dimensional gr-moment propeller
coefficient due'to §,

Dimensional -moment propeller
coefficient due'to o£l§,

Dimensional ]-moment propeller

coefficient due’to §,

Dimensional -moment propeller
coefficient due to ‘Y/

Dimensional -moment propeller
coefficient due'to 8. &,

Propeller thrust parameter
Propeller torque parameter
Propeller power parameter
Power

Power

Nordimensional power
Propeller thrust coefficient
Propeller torque coefficient

tan ¥ {(used in Ref, 1 & - )

Units

#/rad

#/ x'a.dZ

#/ radZ
#/rad

#/rad

#/ rad2

#/rad

#/rad

#/ x’ad2

nondimensional
nondimensional
nondimens:ional

ft-#/sec

hp
noadimensional

nondimensional

nondimens,onal
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The symbols given below are used only in Section 7,2 and are consistent with

the terminology of Reference 1,

below,

AG-1934-V.2
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Description

Direct-axis side-force equation
feedback gain

Direct-axis yawing moment equation
feedback gain

Direct-axis rolling moment equation
rate feedback gain

Direct-axis rolling moment equation
position feedback gain

Yaw rate into sidesiip velocity decoupling
feedback gain

Roll rate into sideslip velocity decoupling
feedback gain

Side slip velocity into yaw rate decoupling
feedback gain

Roll rate into yaw rate decoupling feed-
back gain

Yaw rate into roll position decoupling
feedsack gain

Sidesl:p velccity into roll position
deccupling feedback gain

Prz-peller inertia

Laplace transform variable

1o

S 3ty 2

Terms not defined in Reference 1 are defined

Units

sec/ft
sec

sec

sec
sec
sec/ it
sec
sec

secl/ it
1b &t se"cz

rad, sec




Symbol

I

Description

absolute value

Dots over symbols signify time derivatives

Subscripts:

a

f

SS

aft
forward
ordered or commanded value

steady-state

propeller control forces/moments
(high speed)

AG-1n33-V.2
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FIGURE 3-2 - Propeller Sign Conventions
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TABLE 3-2 Physical Properties of the Postulated TPS

Hull
Submerged displacement 4300 long tons (= weight)
Length 275 ft
Maximum diameter v 32 fr
Fineness ratio 8.6
Distance, forepoint to c.g. 125 ft

Distance, propeller plane to c.g. 110 ft fore and aft
Metacentric height -1.0 ft

Progellers

Hub diamete=- 20 ft
Tip diameter 24 ft
Number of blades 16

Maximum rpm 50

Blade area 3gl
Average radius 11 ft
Average diameter 22 ft

Other Physical Data (see list of symbols)

m = 299.3 x 103 #-sec/ft

M_ = -9.63 x 10°

e

mz:'n(l+l(Z

)
)

ft-#/rad

m (1.026) = 307.1 x 10> #-sec>/ft

=m (1.95) = 583.7 x 103 #-scczlft

m, = m (1 + K3) =m (1.95) = 583.7 x 103 #-secz/ft
b4
1, = m&%10i% - 30,61 x 10® bgr-sec?
o= m (.2321% - 1197 x 10® #-ft-sec?
0™ C232)% - 1197 x 108 #-ftosec?
L e v b 2
L= L (0 + Ky =1 (1) = 30,60 x 108 -fi-sec

AG-lodg-Vv-2
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Other Physical Data (continued)

_ _ _ 6 2
Iyy = Iyo (1+ KS) z lyo (1.86) = 2227 x 10" ¢ -ft-sec

) ) ) 6 2
I, =1, (1+Kg =T, (1.86) = 2227 x 10° 4 -ft-sec

Cq (high-and low-speed) = . 015
o
C, (high-speed only) = 3.59
L
CL (low-speed only) = 5.7
o :
()= 5.24 rad/sec ( = 50 rpm), high-speed case

3’0 T 35° (high-speed trim)

V = 70.5'/ sec (high-speed trim)

Note: Numerical values for high-speed hull derivatives, propeller stability
derivatives, and prcpeller control force and moment coefficients may

be found in Reference 1,
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HYDRODYNAMIC ANALYSIS--LOW-SPEED FLIGHT

4.1 THE HYDRODYNAMIC CHARACTERISTICS OF TANDEM PROPELLERS
Expressions for the hydrodynamic forces and moments due to the propellers
were derived in Section 5. 2. 2.2 of Reference 1 for the low-speed case. Unlike
the theoretical development for the high-speed case, propeller-induced inflow
velocity was taken into consideration, The analysis in Reference 1 was
developed in the terminology of Referencell and, in addition, was considered
tentative and preliminary. It is proposed here to set down the propeller
hydrodynamics in somewhat more detail and in the nomenclature adopted in
Reference 1 and in this report. The resulting equations may be considered

as superseding those presented 1n Reference 1,

In Figure 4, 1-1, we define;
Zl-t (09: local tangential blade velocity (in the plane of the propeller,

perpendicular to the average radius R) relative to the water,

%{O’): local axial blade velocity (perpendicular to the plane of the

propeller) relative to the water,
V(O') = total blade velocity relative to the water,

A = propeller-induced (axial) inflow velocaty,

23 AG-1634-Vv-2
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/; rward propeller

Figure 4.1-1 Blade Kinematics

For the forward propellcr*

[ (O‘)Jf : :?(IL *é,é.) +(2+ 7‘/2)505(7 # (u/—j/z) SN (4.1-1)

N (09)]_ R /4 ,L/: - /?,_‘0_; ™ - '7‘-,? s (™ (t.1-2)
4 > /F

* Hull interference effects on P45 and W are taken into account later,
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Similarly, for the aft propellcr (counterc®l zkwiss “ntation, look_ing, £orward):

”2(7)]4 ’te(-ﬂ-‘,&)-(v"%ﬂz)caso*—(wylz) s O° (4.1-3)
?/‘4(0')74_ : ?l*.é'—; Rcos -+ swT (4. 1-4)

Since (4. 1-3) and (4. 1-4) differ from (4.1-1) and (4.1~2) only in a negative
sign pre-fixing/’ , ?*, and #*, the first pair of equations may be used to
derive results for the forward propeller, with the understanding that a sign
change inf , 2, and 2*must be made in order to apply these expressions to

the aft propeller.

The lift and drag produced by one blade is:

4 2
L(o'}s/z/)m/ <, (5-7) (4.1-5)
0(7) = Z/AV '[Cd‘ +f C;: (s-5)] (4.1-6)

in which 1t 1s understood that 4 s 5 and ¥ are functions of the propeller
*
azimuth angle @ . Thus: (see Figure 3-2 )

Y(7) fm/"z‘—‘—@j ' (4. 1-7)

11

U (7)
S@) = 3(O) X(T) 24,45 5T »8, cosor (4. 1-8)
l/:(af) * 3;1(7) + 7"42(6) (4. 1-9;

gt i
% n order to simplifv the analysis, change in collective pitch 65:5 no longer uscd,

AG-1hn3i-V -2
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It should be noted that the numerical value of the 1lift curve slope, 0[“ , used
in this development shoyld be the two-dimensional section value {approximately
5.7/ radian) since the induced velocity will appear explicitly in the hydrodynamic

angle of attack. Use of this value, unmodified for unsteady eifects, also imphies

the assumption that c(p > ll(j; ‘*J; .

Before proceeding to develop the appropriate expressions for forces and
moments, it will be useful to define a number of approximations and linear:za-
ticns that will be used in the derivations to follow. For convenience, the

parenthetic notation ( @° ), signifying "a function of sigma" is discarded.
From (4.1-1):

- ) -2 7 7
z%:,eﬂ[/fhﬁ+%%-‘éjwsﬁ‘f%—éﬁz-5lyyj (4.1-10)

and

2.0 7'—47"‘12) A - [
% xpn(1+3F *L/PJL coso +2 2 5] (4. 1-11)

X
For small motions and all but very low propeller spceds’ 1t appears that the
second order terms 1n the motion vanableslo , #°, and & , can properly

be 1gnored in Equation (1, 1-11),

Also, Equation (4.1-2) ¢an be rewr:tten as:

W tL g cosoT_ A3 T
W =RALRPA ~ A T A (4. 1-12)

and %’ :s assumed o be small relative to 7} so that:

L 2
= 7;‘ (4. 1-13)
e
T Mimimam propelier =poed s helieved to be of the order of 1 rad/scc, so that
,?ﬂ () T OD o1t sec.
AG-leli-Vve.! 2t
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Other approximations are:

Sn Y = -T—;e- ¥ 7‘2‘—‘ =4 (4.1-14)

casbf=%¢- Z/ (4. 1-15)

—————

9 aaG" o .S/Mo"j
L

e’
Va V'tc E"Qfllz[ A~ (4. 1-17)

2/ Ya x Hr< 7&*4[ z [% Z‘}E‘é]@v’ *&_]7 /(4.1 -18)

The propeller forces and moments, written 1n propeller axes, are obtained by
resolving the 11ft and drag forces along Z and tangent to the average blade
circle to obtain the axial force /c;r » and the tangent:al force /‘-7- . The
remaining forces and moments follow {rom :he geometry of the situation. The
complete set of expressions, for A blades, comparable te Equations (5-7)

I
I
I
I
I
I
s I Zar J’=5?"’:§ =Yy (4.1-16)
I
I
i
!
l
I
|

through (5-13) of Reference | (the high-speed case), are:

Lo

Z’E;OAWfC,}“(f-F)aJa’—Q w¥-£G (57Y) ‘_s-waff (4.1-19)

AG-1633.v.2
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A :A%OA%MH/T{ZZ(GI-&?&mnX#Czé¢:asdﬁufcz:(ﬁi—39‘c05'{J?

7

,i;, = /4 fr cos G

f}:%ﬁr:ﬂvd‘
= T Fr R

/)7; - '/—Fyr Rcos T

Azz? = :7{‘/3z'42 N O

AG-1634-V-2 28

(4. 1-20)

(4.1-21)

(4.1-22)

(4. 1-23)

(4. 1-24)

(4.1-25)

As has been used previously, the notation -/+ denotes forward/aft propeller.
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4.1.1 Axial Force
On substituting (4. i-11), (4.1-8), (4.1-7) and {4.1-13) into (4. 1-19) and using
the approximations (4.1-14) through (4.1-18), the instantaneous axial force

becomes:

/:ﬂ = % %/AA/[;;}? C’z“@-ﬁg/:’/ﬂa’*ascasg“%-j__;?z(’/a %

-t fa, ] [53428 5, swo+25,8; s+ & 5w O 4285 swleasT”

Va
£ 8 as’r ] 7
z‘ -&‘%Z Ve
*.’;lf/()‘wt/;& @#25/'5/”7‘%*2&6117" z;;t—] 74#
(4.1-26)
29 AG-1634-V-2
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The average axial force is obtained by integrating (4. 1-26) over one cycle and

dividing by 2T . The result is:

P Q6 [1038)5 + (F55 ) aogpte) s - ()]
'%[““’
L0 [ )(50 &+ £+ 258 L 25
-(3%) (zs)
2 2)
(45,4 + é-f?‘)]f

(4.1-27)

* Sece Appendix A for details of the mtc;,ratxon and some remarks relative

to their vahdity. = _/oAA/,?’ﬂ
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4.1.2 Tangential Force

Usmg Equation (4. 1-20) for Fr and making the same kind of substitutions as

was done forF , we have:

y Yé§0/%37252%£}%;;9§<3;:Zzi‘ﬁJ:SWVG‘*J;tﬁ“’€7Z4@f
~/m;;‘ C A7
’ ar
o[ %
nrr ?
[0 (50255 w7 125 ous 48 e
+28 8 CosT swG v & cos S LT
a1
- mw £ [25.428 swTs 25, cosT [t
N
¢t e g‘f

(4.1-28)
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. T
On integrating over one cycle, and neglecting the resulting four terms in 7

a.nd;‘

@ fa[GENG - 355)- % & -%5]
CVaE 74
FL (2N e g - ) 2558 4 5,
+z(n’-;1«)a’- ;‘4‘)(25 a,«,‘)

)
“z—é‘ 7 ]f (4. 1-29)

-~ - )
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4,1,3 Lateral Forces

The lateral forces, in propeller axes, are given by Equations (4. 1-21) and
(4. 1-22)

/;'i' = %2-’/4/\/‘/"[(2“ (5-2) sy cesc +C‘/‘ cospcesd

*76/(,74: (5‘/)16‘0:3 Cosc—j

(4.1-30)

/‘:7 = % z—'/AWszQ« (s - d’) siwd s +Cofy Cos¥ s

£l (5-9) cost s f
(4. 1-31)

Making the required substitutions and integrating over one cycle, the average

lateral forces are:

=%‘Q[Q“[£z 3 “z./z." ,en.)z_]

+('44,[_.L/27

YA Or )(5.5)+(555) (552 %))

‘V-fj)glgz - 3'-*/-/5-2

Hrl
*;ZJ" e '“]]? (4.1-32)
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and:

5 Hofa[F(4)-§ 7 - (85) 2]
[ BAe]
PO [(1+32) 66, + ()6 55 2 57°)

Z"{-'ﬂ-/z) l_ / )5*2 5o

- 7u4) 70‘7}
A (4.1-33)

It should be noted that no terms have been discarded in Equations (4. 1-32) and
{+. 1-33).
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4.1.4 Moments (Propeller Axes)
On combining (4.1-24) and (4. 1-25) with (4. 1-19), the instantaneous propeller
moments become;

/\é, .% i;o ANEY 7("(“ (8-0) cosi'cos G-y smt s —ﬁ/ﬂﬁ( ‘/ [—d’)}wfmﬁ

& / ;"%W f@ (85-G)cos& sm T-Caty st som £, 6 r):,,,rmf}

Making the proper substitution and integrating over one cycle the average

moments become:

"y A 01?/(’4(/(/,«_%37% .,~(__.f_&62°ﬂ ) S +?;;_Z/
e

*f 4,,,/(,? N5 S, Bt —24 %’)
S H g5

+ Z .._.__‘g';‘
L &

L)AL -2 ] ) 520 (3552)]F

l,
|
I
|
I
I
|
I
I
I
|
I
I
l
I
I

(4.1-39)
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. and,

My R(fi2 %) +(24e) & v 2 ]
&[;_”5]

/%}/J -4k

é'o 35‘& /a’) A .g,g‘,
mu) (-/2- ["‘-ﬂ-]"‘z.rz.)

«(355)°(322) [f

(4. 1-35)

In (4.1-34) and (4. 1-35) all terms containing second and third powers of ; or
A and terms containing i F-products are discarded,

b
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4.1.5 Force/Moment Summation (Body Axes)

The forces/moments produced by the propellers with respect to body axes, are
related to the propel#r forces/moments oi Equations (4. 1-19) through (4. 1-25)

by the following set of equations: ;
X = Fx K =
Y~y 2y A 2L (1136
Z- 2 N ‘4{7 7{ b/ A

Note that the distance from the plane of the propellers to the c.g., /g )
carries no sign. The body forces/moments of {4.1-36) are presented in Table
4.1-1, In this table, the two parts oi”/and Nin Equation (4. 1-36) have been
combined into one expression for each. Also the hull interference effect

discussed in Reference 1 (pg 26) has been taken into account by multiplying all

terms corntaining ,?'.Z‘.’L_‘! and %!I by a factor of 2.
o /7

At this point it is desirable to review the assumptions, approximations and

‘
|
i
1
I
|
|
|
|
[
|
[

linearizations that have been made 1n deriving the expressions set forth in

Table 4.1-1, as well as reviewing some of the limitations on their use,

o e

(1) The effects of swirl (tangential component of induced velocity) and
- of interact:on between fore and aft prupellers have been neglected.
- Swirl :s neglected on the grounds that the component of swirl due
to cycl:ic pitch 1s small relative to that dae to collective pitch. The
latter component wuuld normally be "compensated” for by shightly
increased rpm or (5; {over "'design' walues), Fore and aft pro-

peller interaction 1s neglected because 1t 1s nunlinear and lacks

-

axial symmetry for any mancuver cther than pure rolling or axial

acceleration at zero angle of attack of the Lall., It s also believed
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that neglect of propeller interaction is consistent with the neglect

of the effects of the propeller slipstreams on the hydrodynamic

characteristics of the body.

(2) The influence of the hull on the velocities induced at the propellers
has been neglected with the exception of the cross-flow velocity.
The neglect of body-induced changes in axial velocity is based on
classical slender-body theory,

{3) The important assumptions and linearizations made in the mathe-
matical development are stated in Equations (4. 1-11) and (4.1-13)
through (4.1-18). In deriving the expressions for forces/moments
in propeller axes the equations were carried out to completion and
terms discarded only at the end. Discarded terms include those

containing squares, cubes and products of the motion variables

f;and >.

(4) The propeller equations of Table 4, 1-1 are valid within the limita-
tions reviewed above and provided that the inflow velocaty, ,4. , 18
defined properly for the operating conditions being examined. The

proper definition of £ is discussed further in the next section.

4.1.6 The Propeller Equations in Coefficient Form

Subject to the limitations discussed in the previous section, the propeller
forces/moments for the general case of low speed flight are given by the
equations of Table 4. 1-1, These equations are cxphcxt in the blade-angle
variables éo. 5, , and J-:_ , the inflow velocity A , and the moticn variables
) /A ) /4 v 7 » 7. Itas possible to place these equations in coefficient
form, in somewhat the same manner as was done for the high-speed case, 1n
which a force or moment 1s expressed as the product of a dimensional cocffi-
<ient multiplied by functions of the blade-angle variables and/or mult:plied by
the motion var:ables. The case with which this can be done depends markedly

on the nature of the theoarenical expression for £ , the inflow veloc:ty, For

3a AG-1033-Vv -2
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the special case that satisfies the condition,

—— EA
R <@z (4.1-37)

the expression for ,L' given in Reference 1 (pg 37) is valid. This expression,

L2000 (d_&*_é&/&/), (4.1-38)

*
is ~ased on a combined lifting-line and propeller momentum analysis. For the
postulated configuration of the TPS, the constants @ and éhave the approxi-
mate values .95 and -1.0 respectively. By limiting 5. to less than about

0.1 rad in magnitude, Equation (4.1-38) can be simplified to

LR 2, (4. 1-39)

with a loss in accuracy of about 12%.

If (4. 1-39) is substituted into the equations of Table 4.1-1, the inflow velocity,
,c' » can be eliminated and the equations can be further reduced without diffi-
culty to a "coefficient" form (a form which has been called a "force matrix"),
Such a substitution has been carried out to derive Table 4.1-2, "Zero Speed
Force and Moment Coefficients'. Note that the -rivation of this table and 1its

further application are influenced by the following considerations:

{a) Balanced operation of the forward and aft propellers 1s assumed,
that xs,_f?f =_Q¢=_Q . For convenience, the following symbol
changes are made:

G =C
Coy o

{b) As w:ll be shown in Section VI, the constraint (4. 1-37) cannot be
satisfied even at very low forvward speeds. For this reasun the
matoin s limited in practical application to the zero forward
speed case (e.g. fore and aft propellers counter-thrusting),  For
non-zerc fornward speeds(see Section 6, 2), an CAPression ::.’L‘ ,
somewhat moare complicated than (4. 1-39), w:ll be given, and

substituted directiviinto the general equations listed in Table 4. 1-1,
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(c)

(d)

The matrix form of the propeller equations (Table 4. 1-2) contain
the inflow velocity definition (4.1-39). In (4.1-39) the effects of
cyclic pitch on /: have been neglected.* This assumptioh Fequires
that g,and SZ be much smaller than J; , a condition whjch is
adhered to in all of the zero and low speed work in this report.

The effect of appreciable cyclic pitch, relative to a: , where the

cyclic frequency is one cycle per revolution (as it is in the present
case) is to reduce the available forces due to cyclic pitch by a
significant factor, According to the two-dimensional analysis of
Reference 5, this multiplying factor is approximately equal to

J 4 C"MA , where (’f is the blade chord. In additjon, the
. 4.()(*?. , )
inclusion of finite-span effects (see Reference §, for example)

would involve the use of large scale digital computer,

A meaningful analysis of the extreme operating condition, cQrres-
ponding to I’J:t“&t) 50 and low forward speed, would be most
difficult for the propeller configurations being considered herein,
since individual blades would be intersecting the vortical wake of
preceding blades in certain azimuth positions., Practical consider-
ation of high oscillatory stresses that would probably be encountered
under these conditions tend to rule out the possibility of opeTating

in this mode.

On taking due account of the sign notation prefixing the equgtions

of Table 4. 1-1 (e. g. “'/{l- for the Z-force) and also of the sign
change required for the aft-propeller terms involving Lo >,

and W , the two-propeller forces/mements are expressed in
terms of specific combinations of blade-pitch angle. TheSe combin -
ations are histed in the first column of Table 4.1-2 and are denoted
" 5 inputs’’. Thus the Z -force due to the propellers 1g guven

&
by

e et

This in also true ot the less restrictive dofimtion of & 2ivenin §, 2,

Note that il ot the X - Y- Z -K -/” -/V entries ire multiplieq by a
common tactor Q% (=t shown).
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Xp --%fi[(&,: +&u ) (r-a- %‘—‘)]
#(&f -due) (2]

Ea [S2+82 )[4k ea],

in which terms in parentheses { ) are ; inputs, and terms in
brackets[_] are the corresponding % -force coefficients for the

inputs.

(e) Because of the linearization of the inflow velocity expression
(4. 1-38), certain entries in Table 4.1-2 w:ll contain larger errors
than others. The entry,line /-X is a good example. It contains
aterm /-4 which1s large, relative to the neglected part of the
inflow expression ASo/J,/, but not so large as to preclude a
large error, depending on the size of & In these entries, itis
suggested that an equivalent & be used, say ﬂ’. such that
aza+h /&/ . If @Q'1is evaluated for a particular &, , the
entries in question will be fairly accurate and values of é., larger

than the suggested Limat { ;. = 0. 1) may be used.
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4.2 HULL HYDRODYNAMICS

Representation of the hull forces (given in dimensional coefficient form in
Table 4.2-1) for the low-speed case is complicated by the absence of a domin-
ant velocity component on which a linearized theory cculd be based. The hull
forces are therefore nonlinear in form., A simplification is obtained by

assuming that the forces depend on the individual velocity components,

The axial drag coefficient (,00102) was based on results presented in Reference
7 and is open to question for very low Reynolds numbers (that prevail at low
forward speeds), Forces arising from lateral velocity componcnts were ob-
tained by considering the hull to consist of a series of right circular cylinders,
The drag on each segment vas estimated from data given in Reference 8,
including the effects of Reynolds numbers. The cubic terms in xpand Ef

arise from these cross-flow Reynolds number variations along the hull,

Flat plate drag data were used to estimate the cross-flow forces on the sail
and a linear lateral velocity profile was assigned to account for yawing and

rolling motions.

The abuve treatment of hull forces is admittedly crude. Greatest percentage
errors occur when the hull is moving very slowly, and the propellers are
operating at high thrust levels (and, hence, have large slipstream velocities).
In this situation, however, it can be anticipated that the propeller forces will
be very much larger than those due to the hull and the absolute errors intro-

duced by poorly def:ned hull hydrcdynamics will not be significant.
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Table 4,2-1 Hul! Forces and Moments - Low-Speed

Pt pe——— o= [ ] [ ] [ ] s

2
X, = -%fz u|u|(.00102) X, = 0
X =0 X =0
v q
Xw = 0 Xr = 0
4
- = -1
Y, =0 Y, = t ol plpl (.0000311)
- 2
: - 1 -
: Y, = -1p4 v'vl(.0809) Y, = 0
-4 2
- = -1
Y, = © Y, = -tpl ¢ (.,0003zs|r| +.062 )
- Zu = 0 Zp = 0 ,
~4
~ - - _L ? -
z, =0 z, = -t pd a (.00009.|q|+.062q)
) 2 .
z, - "‘E/LZ wlwl (. 0762) z =0
) -0 K = -1 _7° (. 00000375)
u p zfzd PlP‘ -
3 -
) RS Y v v ] (. 000395) Ky = 0
¢, = 0 . -g/oé’srlr (. 0000187)
- M = 0 Mz 0
M- 0 VIR (. 00217 |+ 214 q%)
M, o= Mg = - ipl” al.00207fq 214 q
; 3
- 1 . -
M, -} ol wl\\} (. 00109} M= 0
. ) 75 ) .
) N, = 0 N, = - ipl p|p| i.00000701)
3
- 1 . - i -
. N, = +% 0l s l\l(.ooouﬂ Ng = 0
' ) .5 e 2
; N, = 0 Ny T - bpd” (00217 |r| +.214 )
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I SIX-DEGREE-OF-FREEDOM EQUATIONS OF MOTION
LOW-SPEED FLIGHT
, T
] ——
- The six-degree-of-freedom equations of motion” for low-speed operation are
- written 1n the samo way as the high-speed equations. The total propeller
- forces/moments, defined in Table 4.1-1 are designated by subscript P . The
- hull forces/moment of Table 4.2-1 are designated by the subscript /& . Their
- sum 1s then equated to the mass/inertia reaction terms, Thus**:
) 2 VI Uy p ) Yo + )i
30 - AP pmzBp A2
273 ) } 2P FEP T 8y
- r (5-1)
! _ Izzf +(Z/7;w./{/y)/;«-=/(;a¢6¢
.Z-Jjj + ([):1!—.1279)/;7‘- =/‘Zo #'/‘7/7,
. / — _
| .Z’;;—f—*ta(}/-.(;x)/fj =Np rNy )
b
; i *  In total form, as contrasted to a perturbation form.
L { *% Gyroscop:d terms are added ts the propeller and hull terms :f applicable,
! l i AG-1n33-V-2
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VI

TRIMMED HOVERING FLIGHT

Attention is confined in this section to: (1) the required trim settings of
collective pitch for very low (i.e., hovering) forward speeds and, (2) the
generation of pure translational forces by means of cyclic pitch and the

. . *
translational velocities which result from these forces .

The range of forward speeds is arbitrarily takento be 0 XU € / ft/sec. Of
interest is the capab.lity of a tandem-propeller configuration to perform
"creeping' maneuvers in a single plane. This operational mode may be of some
practical importance in submerged rendezvous, search, escape or docking

operations,

As noted in Reference 1, 1t 1s possible to operate at zero or very low forward
speeds 1in a number of different ways, cach of which entails a specific com-
bination of forwird and aft propeller scttings, either rotating (thrusting or
counter-thrusting) or locked. In the hovering case it will be assumed that it
1s desirable to achieve translational motions without rotation, and that opcra-
tion of the forward and aft propellers is balanced (i.e., Qr,- = ‘Qa_ =2 )

Three modes of operation will be considered

x
The question of blade angle resolution 1s treated 1n Section 7. 3.
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{1) Zerc forward speed - zero collective pitch forward and aft.

(2) Zero forward speed - counter-thrusting collective pitch
forward and aft.

]
(3) Very low forward specd - thrusting collective pitch forward
and aft.

6.1 ZERO FORWARD SPEED - ZERO COLLECTIVE PITCH

At zero forward speed, with zero collective and cyc'ic p'tch, forward and aft,
the neutrally-buoyant submarine will remain stationary. it would be desirable
to be able to predict whether or not it is passible to generate pure sideforce

under these conditions, by the exclusive appiication of cyclic pitch. Unfor-

tunately, the approximate propeller equations presented in Section IV cannot
be used when Sl or S,_ > So {see Section 4. 16), Accordingly, no strictly
valid conclusions can be drawn relative to the zero collective pitch case on the
basis of the developed equations. Nevertheless, it is of interest to note that
there is only one uncc:upled* Y {or 2 ) coefficient, listed in Table 4.1-2,
accounting for the generation of a sideforce, and it is );-dependent. The
tentative conclusion is that pure sideforce cannot be devi:loped when the

collective pitch setting is zero.
6.2 ZERO FORWARD SPEED - COUNTER-THRUSTING COLLECTIVE PITCH

In this mode of balanced operation, forward and aft collective pitch are equal

)
1in magnitude but oppositely signed. (r.e., § o = {-&, v Soa ® -8, ). Net
thrust, forward velccity, and net roll moment are zero. From Table 4.1-2,

the uncoupled Y and Z forces are given in lines 12 and 10 respectively as:
P 8 P y

-
An uncoupled coefficient 1s taken to mean one which 15 independent of all
of the motion var:ables but dependent only on control 1nputs.

%
A S symbol without the forward or aft subscript carrics no inherent sign,

AG-1lndi.v.? 30




Yp = QC/n (Szf»,&a)so (-_Qf,c (1-a) - é.n.a.] Lbs. (6. 2-1)

Zp = QC/ 5+ )8 [-0LfiC (1-0) - L @ o] Abs. (6. 2-2)

If we focus our attention on the 3- axis, and let g:f = S1a = +52
{6.2-1) becomes:

YP = -2QC So52 [{.C (i-a)+%] (6. 2-3)

For the postulated conliguration:

Q= lpANRAE ¢ Sezoat

Cz6
‘g o‘
az9
Thus:
Yp 2 —QCSeB2a ¥ —3140008,8; Lbs. (6. 2-3a)

If Sz is restricted to a maximum of 0.2 Se , in keeping with the assumption
that SZ 4 Sa , and if S° is limited to about 0.1, in keeping with the
linear approximation of the expression for inilow velocity (refer to Equation

4.1-39) the available sidefcrce is then:

'Yplmx g 620" fbs (6. 2-3)

. X *
At high propeller speeds, say 5 rad "sec, the available force 1s about 1500 lbs,

For the same cychic centrol input about 11,000 Ibs are availabie in the hich
speed case,

ol AG-1634-\ -2




A
1
4
i
L]

.
.
i
!

Before proceeding to compute the side velocity, ¥V~ , which may be obtained
with this sideforce, it is interesting to draw an analogy between the previously
developed expression for sideforce in the high-speed case and Equation (6, 2-3).

The sideforce expression in the high~speed case is given by Equation {5~15),
Reference 1 (with change in collective pitch, AS , equal to zero):

Tc = CONTROL FORCE = YS ( gz{‘-— 37.0.) (6. 2+5)

Notice first that in the high-speed case, with both propellers thrusting, side-

force, Y » is obtained by difference-cosine cyclic pitch (Sz-P-Sza. ), whereas
in the hovering case above, with the propellers counter-thrusting, it is obtained
by sum-cosine cyclic pitch ( ng.g. S-zq_ ). per Equation (6.2-1). If, in {6.2-5)

above S.gf = +Sg , S‘m = -Sz , and the expression for YS {pg 46 of Reference 1)
is substituted:

Yo = 25 {-5? us AN [ E.‘i" + ot Yo {,C; °‘°]}

SWLVO

Now if the following limits are taken:

as Mb--oi.-—OQﬂcLSo
swn Yo ¥s — YRa
ot o £ Yy, — RO/
oo So~Yo — Sa— iR

"

the "high-speed”’ expression for sideforce reduces to

Yc_ = —ZQ C&SOSI (% +{.C‘u(l—0~))

which 15 1dentical in form to Equation {». 2-3), for the hovering case,
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Returning to the hovering case, it is of interest to compute, with the aid of the

coefficients of Table 4. 1-2, the steady-state 3 -velocity that can be aigained,

as well as some of the coupling forces/moments,

Assume that the submarine is initially in a balanced counter-thrusting state
(i.e.,&f =+[,,&¢.=-&) with& =&=[L=b“=w=P= =y =0 .
If sum-cosine cyclic pitch is applied, that is,&f = f-fz , and §2a = #d2 . the
uncoupled -force, given by (6, 2-1) can be summed with the appropriate,
remaining propeller forces in Table 4. 1-2 and the hull hydrodynamic force in
Table 4.2-1, The result is’:*

2
25 gc |- géc]v +26R9C Lopca-ad-42a]- ’é% & o

1‘2521 ?}LC I-g{:_g ]v' -2/[,,2’/,03/) r/v/) =0 (6. 2-6)

e N
In keeping with the restrict’i'on that Sz < SQ , the gz -dependent drag is
small compared to the s, -dependent drag, and can be ignored. The approxi-

mate -force expression then becomes:

%C {_4&1{1&:{ v - 28852 ({,C f/—a.)/-g.)

—4dv{ - Lp,8%08)v[v/=0 (6. 2-7)
R 2(0

On substituting the following physical constants: ]
5.=0.1: §2= 0.02: {;?.I : C=5.7;‘ d =005 4a-95N =168 -3 .
R-1t . £ :-275: QC - A AN/QZ/)_C , (6,2-7) becomes:
=z

Vv F.656.2 + 6.5 v/v/ =0, (6. 2-8)
)

a .
Since U =0 in the steadv-state, there are no inertia reaction forces.
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for which: U & —.0’ ﬁ/}'fc. {..Q = /)
and VE —48 ftfrec. (0=5)

For the case _(2, = 1, above, the inflow velocity is:

T .94 ﬁ'/seG J
and the thrust per propelle. (neglecting drag) is,
Xp £ 4pNARC (So- g
z 496 9bs."

e

In the calculations just given for the trim ;( -velocity, it was tacitly assumed
that all propeller force/moment couplings to other than the ;-axis were zero.

These couplings can be identified by using the coefficients of Table 4.1-2,

i e

-3
This is approximately equal to the thrust due to change in momentum given

by Zf ﬁ“i" . where Hd = the projected area of the propeller disc.
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On noting that 5;. =0 , the complete set of S inputs for the case just

treated are:

Line”

2

5

7
12
15
20
22
23
24
25

Effective S

Inputs

Sof - S

Szf+ Sia

Sf + &k

Sof&f- Soa f2a
Sif + fa
Sof - S

S.a;: Sz{+ S'o: $2a
Sof ( 5; ¢ S}/’)
Soa (Sia2+ 82a)
S-mdependent

1}

28
252
25"
24.52
25,
253
28 &
SoS2

-5 gz"

On multiplying each S -input by the corresponding coefficient in each axis, it

is seen that the coupled X‘ and Z-forces due to the propellers are zero. The

coupled /<- and f-moments are also zero, but the coupled M -moment is
{from lines 5, 20 and 22 of Table 4. 1-2),

%;z& [-4aR] +25% /—{,Caf/u— + 2855 [aﬁ-a)ﬂeﬁcjf

*Refer to Table 4. 1-2.
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in which the dominant term is the first. This term yields a pitching moment
of -7700 ....Q_Z ft-# (approximate) for Sz, = .02 rad. This moment is not e
significant at low J2 but would have to be balanced out by appropriate control

action for L2 approaching mavimum values.

The roll- and yaw-moment couplings resulting from the hydrodynamic charac-

teristics of the hull, are given in Table 4, 2-1 as:

K = -4 pb® v/v/ (C 000395)
N1 = -f(d" v/v( (‘0000 ¢)

On substituting the two values for Vltrim found above, we obtain:

and

when 1= 1, and V< -.09 ft/sec : K -moment = 67 ft-#; [V -moment T 7 ft-#
1900 ft-#; A -moment £ 190 ft-#

ny

when {L= 5, and % -.48 ft/sec : K -moment

Since these moments are not negligible, at high—f., it would be necessary to cancel

them by appropriate propeller action in order to obtain zero roll/yaw rates.

In summary, we find that for the counter-thrusting hovering case ( L.z © ),
lateral*velocities of the order of . 1 ft/sec and . 5 ft/sec can be attained at low
and high propeller speeds, respectively, for a collective pitch of approximately
0. ! radian and cyclic settings of 0.02 radian. The propeller forces coupling into
x and are zero, as are the coupled (propeller) K‘ and N-momcnts. The
coupled M-moment, due to the propellers, is not large enough to present any
problem in achieving a pure side-velocity but the roll and yaw moments (parti-
cularly roll) caused by the hydrodynamic characteristics of the hull would have to

be cancelled by proper control action,

x -
Since the propeller hydrodynamics in the ¥-direction and the “-direction are
identical, and Z o 7 Y+~ . these results would also apply to % -velocities,
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6.3 VERY LOW FORWARD SPEED - THRUSTING COLLECTIVE PITCH

In this mode of operation the collective pitch of the forward and aft propellers
is trimmed at levels that yield a small, net positive thrust and a resulting
forward velocity slightly greater than zero. Consideration of this mode of
operation will provide a rough indication of the ability of a TPS configuration
to execute very slow translational maneuvers in a single plane. Attention
will be confined to the generation of pure sideforce. No examination will be
made of the steady-state response to a turning control moment, although

rolling and yawing moments may exist because of hydrodynamic coupling.

A small net thrust may be achieved in at least two different ways. In the first
way, the Sa -inputs are symmetrical (J:f =£.. = 44e ). 8o is small and pro-
peller speeds are equal. Y -force is obtained by superimposing difference-
cosine cyclic pitch, :;f— Sie, upon the trim collective pitch. In the second
way, large, nearly equal, values of asymmetrical collective pitch are used.
If @ is small, and &f‘: #44 #€ while &= ~5+€, the sum, £f+£a , i8

positive and small.

The first method, i.e,, using small values of So . is more efficient with
respect to power consumption and will be examined below for (1) trimmed

forward flight and (2) the generation of a pure sideforce.

The required collective pitch for trimmed, very low forward-speed flight will
be determined by equating the propeller X -forces in Table 4. 1-1 to the hull
drag. If&f:;‘&.&a,:f& and& :Sg: V=w:=p =3 =P -0, we

have:

2ac, (4wt | - 206,/ ¥4

-ZQ{.(&L/&I/“*‘.)/) = .00/[7—&/1«(./ (6.3-1)

R12

»n
-t
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in which the squared and cubed terms involving At have been ignored.

Equation (6.3-1) can be written as:

E-4 fr&rfG &)L 1004 &/
G 26! Cu

R L,

= 0,00/ lz(_‘i Y/ z2¢qc
0&)/23‘:"‘ (6. 3-2)

For small S; (i.e., very low forward speeds), the drag terms in the brackets
can be expected to be small relative to unity. These terms can be discarded

in the multiplier, since ‘/ea, the inflow "angle of attack", will generally
be much smaller than Sﬂ . On the other hand, for accurate results, the drag
terms should not be dropped in the multiplier because %.Q will usually
be very nearly equal to & * (leading to the problem of a small difference of
large numbers). Since in the present case we are interested only in arriving at
order-of-magnitude results, the drag terms will be dropped in both brackets.

The error in computed U will be of the order of 15 or 20 percent.

On substituting the expression for L/Qn given in Appendix C (Equation C-5),

{6. 3-2) becomes:

X
0014 z/p—.“n_ )
A /
Z..QQ" | — _Z4R /.;

o (B)+(%)

where g(K = é;-k%b_ .

oo

n

e

3
See computations given below,
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For an arbitrarily selected value o£ %.ﬂ = ,050, Equation (6.3-3) can be used
.~ compute a(.‘ while & and /pﬂ_ may be determined from relationships
previously given. The following results are obtained:

%ﬂ. = ,050 / WU = .55 ft/sec for L. = ;
i = do- ‘%ﬂ. .0038

& T.0538
‘/gﬂ_? .0034

Thus, with ) = 1, the é: required for 4 £ .55 ft/sec is, roughly, 2.9°. The
inflow velocity is quite small, being about .04 ft/sec (i.e., €& W) and the hydro-
dynamic angle of attack, :. ‘Etﬁ , is also quite small. The two-propeller

ted to be about 23 lbs*. It is cautioned that
thia thrust computation, and the calculations preceding it, are admittedly quite

thrust, neglecting drag, is co

crude. In addition to the general limitations previously noted in developing
the propeller and inflow velocity equations, and the caution expressed in
Section 4. 2 concerning the accuracy of the assumed hull drag coefficient, it is
possible that significant Reynold's number effects are not being accounted for
at the low tip speeds involved (e.g. £L2. = 1). In the final analysis, it will pro-
bably prove necessary to resort to experimental data in order to carry out the
kind of calculations attempted in this section. Accordingly, only a brief
qualitative discussion will be given of the generation of sideforce under the

conditions specified above,

*
At this thrust level, many minutes (pecrhaps hours) would be required to build
up to forward speed!

57 AG-1634-V.2




A crude approximation of the sideforce available by ri.eans of cyclic pitch can
be obtained from the Y-force equation of Table 4, 1-1, wherein drag effects

are neglected. On using difference-cosine cyclic pitch as the control input

(i.e., Sz{ = I'rz. s 524 = —‘3, ), we obtain:

TP f-Qcs, R#L (6. 3-4)
R4

Since, for the trimmed, forward flight conditions described above,

“ie s . 0534, the propeller sideforce is:
RLL prope

);,= -5820 £2.% (5. 7(.0534) §} = - 1770 &5 1bs.

1f the above result is compared with the counter-thrusting case of the previous

section, namcely,

779 2 31400 422 o2  1bs., (6. 2-3a)

it is found that the two forces are about equal when the conditions of the present
case are inserted into (6. 2-3a), that is, yo = .0538 and £2 = 1. Thus, it
should be possible to produce side velocities, in the present case, of about the
same order of magnitude as were produced in the counter-thrusting case. In
addition, the hydrodynamic couplings for the present case should be quite com-
pi: able to the counter-thrusting case, although these couplings are not so
easily sorted out in the basic propeller equations of Table 4. 1-1, as they are

in the matrix of Table 4.1-2.

A significant difference between the counter~thrustirg case and the case of
very low forward speed s that in the latter, a control input &f-&qproduces
Y -force, as it does in the high speed case, whereas, the required input is
Szf¢£‘“hen the propellers are countes-thrusting, This difference is due to
the fact that & of the aft propeller is negative for the counter-thrusting case

and positive for the thrusting case.
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In closing this section, it must be emphasized that, aside. from questions of
limitations on the analysis and the validity of assumptions, the numerical
examples given are not indicative of maximum performance. Relatively low
levels of collective and cyclic pitch were used, for reasons which have been
explained. More exact performance predictions can be made when the appro-
priate experimental data become available, or if the analysis presented

herein is extended and refined consitderably.
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STABILITY AND CONTROL

7.1 LOW-SPEED OPERATION
Aside from the analysis of control force/moment interactions and the steady-
state translational velocities achievable in trimmed hovering flight {reported

in Section VI) it has not been possible to perform any significant work on

e g —— e o—— s e gy e

low-speed stability and control in the present study. A low-speed stability

and control analysis is discussed as a future work item in Section VIII,

7.2 HIGH-SPEED OPERATION

As pointed out earlier, the work to be described in this section may be thought

—_—

Ls

of as a continuation of the trim and stability and conirol studies accomplished

! and reported in Reference 1. Topics considered 1in this section are:
{1) Analysis of Diving Performance
- (2) Two Propeller, Symmetrical Operation - Yaw Plane

(3) High Speed Operation with One Powered Propeller - Yaw Plane

¢ ‘ 3 AG-1634.V.2




7.2.1 Analysis of Diving Performance

In order to provide quantitative data for comparing the TPS high speed pitch-
plane performance with that of a representative contemporary submarine, a
study of the dynamic behavior of the TPS in the pitch plane was performed

and the results reported in Reference 1 (pp 73-87). In addition to this small
perturbation or linearized analysis,the determination of maximum diving rates
consis.ent with available control range is important for defining the envelope
of pitch-plane maneuverability within which the TPS must operate because of
limited control forces and moments, In this section, calcula.tions are made
to determine limit diving-rate maneuvers at constant forward speed in terms
of (1) peak blade angles of attack required to maintain a given steady-state
depth rate, and (2) peak blade angles of attack required to achieve transient
depth rate changes in response to a sudden change in ordered pitching moment.
The results are compared with calculated results for similar maneuvers in a

contemporary submarine of the Albacore class.

7.2.1.1 Steady-State Diving Maneuvers

The application of a constant pitching moment to the submarine by means of a
cyclic patch input causing a pure pitching moment results in a steady-state
depth rate, 9.53 « On referring to Reference 1 (pg 69), Equations (7-3), we
find that the relationships between depth rate, pitch angle, and pitching

moment for a steady-state diving-rate maneuver are given by:

-ZM;‘“’ZM% Osg = O

(7.2-1)
’[MW%*MQJQ:: "lejss =M =ﬁ75£ﬂ
Solving Equations (7. 2-1) fos 9'“ and O, we have
éss =~y Gss (7.2-2)
~ (7.2-3)

655 .- /\7‘ 5/\75:

* It:s assumed that basic "arrow' stab:l:ty has been achieved through direct-
axis feedback terms in the pitching moment equat:on, as explained in Refer-
ence | (pp 71-73).
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Equation (7. 2-2) shows that the hull angle of attack (or velocity & along the
submarine 7 axés) is zero, in contrast to the non-zero steady-state angle of
attack that would exist tor a conventional submarine. This condition is
decizable because it minimizes the hull drag profile, during a steady-state

descent,

For purposes of numerical computation, it is assumed that a steady-state
pitch angle of the hull equal to twenty degrees is the rnaximum permissible
value. Under this assumption, a longitudinal velocity of ﬂ, = 40 ft/ sec (the
assumed high-speed value of Z, in Reference 1, Table 6-1) yields a maximum

steady-state depth rate of

PR R

It is desirable to compute the peak values of propeller-blade angles of attack
required to generate this steady-state depth rate in order to determine whether
propeller stalling will occur; namely, can the specified steady-state pitch-

angle be obtained within the linear range of available control forces and moments.
On substituting values of %and /‘/J taken from Reference 1, Equation (7.2-3)
indicates that theg-axis control-moment input necessary to achicve a steady-

state pitch angle of twenty degrees is

-963xs0°"

Spy T %35 70¢ (zo) = 6.37 Ap.

S5

If a symmetrical control 1nput is assumed, 5/»7 consists of equal values of

the fore and aft sine-cyclic pitch angles, 5/{ and S/a_ , thats,

7.2-4
5” { )

55

=5/a.*£/{=2{/a'25/f

Thus, the magnitude of fore and aft cyclic pitch required to produce a steady-

state divirg rate of 14 it/ sec or a stcady-state pitch angle of 20 degrees 1s

S5 = e <5 (637)= 31872
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The instantaneous angle of attack of a single propeller blade, for high-speed

operation, is given by:

“((7) * do'fA{(t) +&, 5/A/7(3) *Jz Ca;V"(t) (7. 2-5)

Thus the peak angle of attack of any blade, that occurs during one revolution of

the propeller, is given by*;
2 3
/°‘/,mu.- '/“'*45/’”5; +S, (7.2-6)

For the vertical-plane maneuver under consideration, Equation (7.2-6) reduces

to:

/o(ﬁﬂ-//ne 3/“-/*/5/;, a./

Reference 1 indicates that the trim angle of attack, o<y , is 0.10 rad (5.73 deg)
for {/‘ = 2y {t/ sec. Therefore,

/%0l orse ), * 573 #3.18 « £ dey

Thus, the percentage of available pitching moment required to achieve a steady-

state diving rate of fourteen It/sec (& = 20 deg) is

/% . food,ta (100)(3.18) _ ZZ‘BZ

77 T Xax-xe | 20-573
74X

where Odpmgy 15 assumed to be 20 degrees {approximately). Note, however, that

/00

the percentage of total available control power, including contributions to both
longitudinal thrust and pitching moment s 100 (Si-gi) = 44,6 percent. We con-
clude then, that the peak values of blade angle >f attack required to achieve a
steady-state pitch angle of 20 degrees fall well within the iinear range of the

:ndividual prepeller 1:it curves,

* If we assime that A 5(:'}\,'arzcs slowly relative to S/Mf(t') and oo G“(C/.

AG-lo34-v.2 bo

- A

P BB A Y 1 4

W

Pt bt bemad pewd poel e el e e Gt




i
[
[
i
I
I
I
!
I
!
l
/
!
!
|
!
!
|
!

7.2.1.2 Tran<ent Maneuvers in the Vertical Flane

Reference 1 recommends that stabilization of the TPS pitch-plane motions be
accomplished through direct-axis feedback of pitch angle and pitch rate to the
cyclic-pitch centrol.  Accordingly, the(? - moment control input, J” , 38

related to an ordered value, 5,.,‘. , by:

a;, =5Mc‘(05‘f(é P (7.2-7

If the diving maneuver is considered to be the depth rate resulting from a
sudden (step) change in ordered pitching moment, /\76'5/” the variable 5”
will vary with time until the'pitch rate decays to zero. 1f the submarine is
flying straight and level, the initial depth rate and pitch angle will be zero.
Fucther, because of the large moment of inertia in pitch, Z, A a period of
time must elapse before & and & differ significantly from zero. Ccnse-

quently, Jﬁg and 5” are equal initially, that is,

5/'7(0*) = JMC(O")

In Section 7.2.1.1, it was shown that the steady-state pitch angle is related
to the (7 - axis moment control input, 6” , as follows:

Thus, to achieve a steady-state pitch angle of 20 degrees, <5,y = 6.37 degrees,

£3)
The magn:tude of step-input of SNC necessary to result in the above value of
5/7“_ s obtained by solving Equation (7.2-7) for 5” .

For -
kg =5 (Reference 1, Figure 7-9)

5/‘76 =6.37+(5)(20) - 106.F g
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Thus, to perform a dive in which & goes from zero to twenty degrees, in

response to a step-change in S‘Nc' the fore and aft cyclic pitch required at
Z=o4 are

Sa * 5,; -’2{ JM 85‘3.2127.
Note that these values of cyclic pitch wall place the peak angle of attack of
individual blades well above the stall limit. Thus the requirement to provide
automatic control for dynamic stability does not permit the ordering of a
step change in ""command" cyclic pitch which, in the steady-state, will result
in the cyclic-pitch level required to produce the specified dive angle of
twenty degrees, The stabilization process, in effect, reduces the control

effectiveness of the submarine during transient conditions but does not influ-

ence the control effectiveness in the steady state.

Since the effects of control saturation on the pitch-plane response of the TPS
were not included in the analog computer work reported in Reference 1, the
degradation of response time due to control saturation is not known, Qualita-
tively, how:ver, the effect is not expected to be serious because of the
inheren! y:tch instability, wherein the high-speed submarine response is
rapidly divergent due to destabilizing hull forces. When an appreciable pitch
rate and/or pitch angle does develop, the feedback control system will act to
stabilize the remaining portion of the transient response. This fact is clearty
illustrated in Reference 1, Figure 7-9, where the fore and aft blade angles

of attack reverse almost immediately after application of the step function of
ordered pitching moment 5,y¢. The time constant associated with the linear
system responses shown in this figure are about forty seconds and could

probably be improved by using pitch acceleration feedback,
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7.2.1.3 Albacore Diving Rate
Calculations, similar to those of the previous section, for an Albacore-type

submarine indicate that a pitch angle of twenty degrees can be obtained when,

55
s

The Albacore pitch plane response time (here defined as time required to

:+ ach 95% of the ordered value of pitch angle) is approximately 80 seconds,
according to data from Reference 2. The corresponding response time for
the TPS is approximately 40 seconds. The value for the TPS depends on the

magnitudes of the feedback gains selected and is not to be considered as

~ 1.6 deg. the bowplane angle

]

0.9 deg. the sternplane angle

optimum. It is concluded that, in comparison with an Albacore-type ship,
the TPS can achieve an equivalent steady-state diving rate jin an equivalent,
or less, time. However, the TPS uses a greater percentage of available

control power (Approximate values for this example: TPS - 22%; Albacore-

type - 8%).

7.2.2 Two Propeller, Symmetrical Operation - Yaw Plane

In Section VII of Reference 1 a summary is presented of the stability analysis
and control-system studies performed to achieve desirable pitch-plane
behavior of the TPS. A similar study has since been performed of the yaw-
plane behavior of the TPS using both operational-calculus and analog-computer
techniques, As before, care was taken to restrict propeller angles of attack

to values below an assumed stall point, and an assessment of the division of
control power between the required stability augmentation and desired
mancuverability was made. The nonlinear control coupling terms (Reference |1,
pp 48 and 49) were included in the analog<computer simulation and conclusions

are drawn herein, as to their s:gnificance,

69 AG-l63d-Vv.2




7.2.2.1 Equations of Motion

The dynamic equations that describe the six-degree-of-freedom response of
the TPS to control forces and moments are given in Reference 1 (pg 53). For
small perturbations from trim conditions; it is possible to replace the non-
linear terms represented by products of variables and trigonometric functions
in these equations with the first order terms of Taylor-series expansions,
resulting in a set of linear, ordinary-differential equations in the perturbed
variables (Reference 1, pg 69). In studying the yaw-plane behavior, the yaw-
pitch coupling term ”f is neglected; more exactly, the assumption is made
that the proper 5, (sine) cyclic-pitch components are applied 10 the propellers
to cause a zero value of pitch rate for all yaw-plane maneuvers, For linear
operation, the neglect of A%or the assumption that pitching moments are
available to cancel the effect of /yf.are equivalent insofar as yaw-plane
results are concerned. With limited control power, however, the 5, -cyclic-
pitch components required to hold a zero pitch rate subtract from the control

power available to perform yaw-plane maneuvers.

. . . *
The yaw-roll equations are given in matrix form by :

-

C (mps - (mz,-vn) -%s | [#®)] e
-y (1595' - ;-) '%S . S‘:(S) = /Vc
-£5 “Kn Z.sf,ﬁs#% 6] | |4

L 1(7.2-8)

The control terms, )é .A/c . (C or:ginally given in Reference 1, are repeated

below for convenience.

¥ The propeller gyroscopic coupling cocfficient { /4.—/)&) 1s zero with
balanced propeller operation,
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(7.2-9)

R SOt i Wil

By forming the characteristic equation‘ of the yaw-plane dynamics of the TPS
and substituting the numerical values tabulated in Reference 1, it is readily
determined that the TPS is unstable in the yaw-plane, This result was also
noted in the pitch-plane analysis and was explained in Reference 1 {pg 70).
Application of Routh's criteria (Reference 3) to the yaw-plane characteristic

equation shows the basic requirement for stability to be:

[ L R LT IR FUPRT | TR ey

/Vr- (‘?ﬂ,ﬂ,—)’,) + Y My >0 (7.2-10)

RS

Substitution of numerical values from Reference | into this inequality indicates
that the instability exists throughout the high-speed regimef The unstabilized
yaw-plane response cf the TPS to a small step function of yawing moment
command (5”6.:5” = 5.73 deg) 18 shown in Figure 7.2-1. Note the mono-
tonically divergent response, As a consequence of this instability, an automatc-
control system was synthesized to augment the stability of the TPS., This
stability augmentation was accomplished by sensing certain yaw-plane motion
variables and causing the cyclic and collective pitch angles of the propellers

to vary proporticnal to linear combinations of these motion variables. The
cyclic and collectzve pitch terms combine to prodyce forces and moments on
the submar:ine in such a dirvction as to overcome the inherent destabilizing

forces and moments, and produce a stable, controllaole vohicles

—~——
* The character:stic equation s formed by evaluaeing the determinant of the
square matr:x of Equations (7. 2-8),
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Equation (7. 2-10) indicates the desirability of increasing the term );.Aéand/or
decreasing the term A (7’], Zo‘ﬁ)to produce stable operation. The value of
M,g (yaw damping) can be effectively incre.ased, for example, by adding the
direct-axis stabilization torque,"ﬁé’?)l; }‘/ , to the left-hand side of the
yawing-moment equation. Similar control terms can be generated to decouple

the yaw-sideslip-roll motions of the submarine, through the use of cross-axis
feedback terms, thus effectively reducing the terms (’”1,76’)’,0). )79 , Kp

K+ My » Np » and Aé to zero. "

The propeller angles are modified according to Equations (7.2-11) in order

to implement the feedback-stabilization technique.

G Gpe KPP AP

c5x-Z, 4 (7.2-10)

H
3
+
o
AN
A

cr}: =JA’C f%ﬁ .{-K¢ #,K-. %_’?F

in which all of the K’s are control-system gains. No heading-angle loop was
used, because the immediate concern is stabilization for maneuvering and

not long-term navigation. e Since the immediate problem was one of stabilizing
the TPS, the feedback terms assumed 1n Equations (7.2-11) were limited to
those that contribute directly to producing stable behavior in the yaw plane.
Note that yawing acceleration feedback could also be added to improve the
transient response of the TPS by effectively reducing, for example, the yawing

momeat of mert:‘a._]}a. Fesdback of this type would have no influence on the

* The terms Y and /V,oarc already negligibly small in the TPS, ecffectively
decoupling the roll and yaw-sideslip portion of the fourth order characteristic
equation :nto two independent quadratic factors,

#% A navigation 1oop can be added at any future time with the proper heading
angle sensors,

73 AG-1633-.V22
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steady-state responses of the submarine. Since acceleraticn feedback was not

included in this study, the trans.cnt responses determined herein are probably
not optimum. They are, however, optimized with respect to conservation of

control power for yaw-plane maneuvers.

7.2.2.2 Direct-Axis Stabilization

The use of direct-axis stabilization in the yawing-moment equation results in
an increase in the effective yaw-damping derivative, /V;o » which has a
stabilizing nfluence (see Equation 7.2-10). The gain Fy‘ is used to achieve
this result. It can be shown that dynamic stability is insured through use of

thie single feedback term provided that the relationship,

k-}‘.' - _/z’z:[»r? 7(;{})9)*/\/; Yo (7.2-12)
>

—. X .
is satisfied, There is no theoretical upper limat to kf, but a practical limit

occurs when the individual propeller blade angles of attack approach (approxi-
mately) twenty degrees, Because of the metacentric stiffness in roll no
stability augmentation is required about the roll axis. However, the roll
damping 18 poor and it appe. "¢ desirable to improve the dynamic response

in roll by angmenting the roll damping and roll stiffness derivatives, K,b and

kd * by /'<-7'{ andE¢ , respectively.

By subsnituting numerical values into the augmented character:stic equation,
without yet specifying values of the direct-axis feedback gains, Ay, Fﬂ.' F/.
and F/. 1t 18 possible to show that the fourth-order charactcrx:izc equation,
including both proaucts and sums of these feedback terms, neatly factors into
two quadratic terms. One quadratic factor contains only the yaw and sideship
direct-axis feedback tcrms.;\-;y. and £ ; the other contains only the roll
terms/‘_"l; and,-(-ﬂ . Further analysis showed that this factoring 18 permissible
because the roll-;xzs motions are weakly coupled to the yaw and sideslip axes

of the submarine, 1, e. /\‘g and );5 are neghigibly small., The converse 1s not
ool

* Note that the metacentric roll moment has previously been presented as

MG cos g sin f , which for small angles yields K/'Mg .
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true, however, since yaw and sideslip moticns couple into the rolling moment
equation through K,L and '«lﬁ' Carrying this analysis still further in the
evaluation of the numerator determinants of Equations (7.2-8), one finds that
the numerators of ge—”c(s‘)md J-Ki s):ontain ccmmon factors with the denom-
inator (i.e., the characteristic equation) resulting in (1) yaw-rute responses
that depend on yaw-loop gain and are independent of roil-loop gains, and (2)
roll-position responses that dep..d on roll-loop gains and are independent of
yaw-loop gain. This separation of the influence of the four direct-axis
feedback gains allows relatively simple conalytical evaluation of the yaw-plane

dynamics of the augmented TPS.

Examination of the response transforms of direct-axis variables to step
functions of corresponding direct-axis control inputs (e. g. ,M)and (S))
indicates that the roll-axis bﬁxavior is that exhibited by anme rdamped <
second-order system, with A affecting both the undamped natural frequency
and the damping ratio, and affecting the damping ratio alone, Values of
,4”;’ and;’ were selected to produce a 6.3 second undamped natur:l period
with a damping ratio of 0.70, thus producing about five percent overshoot in
the roll angle response to a step input of roll moment. On the other hand, the
yaw rate response to a step-function in yawing moment is always overdamped,
for any value of feedback gain -K-jp. . resulting in two e ponential subsidences
that approach the steady-state response asymptotical’y. For example, yaw-
rate time constants of 0,65 and 13.5 seconds result when Fp‘ = 100, as illus-
trated by Figure 7,2-2-

It 1s anticipated that some difficulty would occur in sensing sideshp velocity
7L , and 1t can be shown that sensing Z- 15 not required because satisfactory
operation can be obtained without Lheé/ -velocity feedback, (_l; . Hence, this

term s not used,

It can be argued that the most useful controlled variable for high-speed
mancuvering is rate of change of heading angle, Lateral translation would
very seldom be required, and a commanded rcll angle would probably have no

utility at high-speeds. For this reason, anatog computer responses to yawing
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FIGURE NO. 7.2 -2 DIRECT-AXIS STABILIZATION-YAW PLANE RESPONSE
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moment and side force commands were cbtained. Rolling moment feedback

-.rms applied through automatic control were, of course, retained. Both side-
3rc2 and yawing moment commands were investigated because both yaw and
sideslip responses are influenced, thrcugh the coupling terms, r /] %y= Yo and
/V;n- , b ither driving Iunction*. it was desirad to determine which of the
two driving functions is more "economic-1" in its use of the available control
power. Figure 7.2-3 shows the linear system yaw-plane response of the

TPS, using roll and yaw direct-axis stabilization, to a step function of side-
force resulting from a J.qc command of only 23 degrees. . Although the
resulting dynamic respo(r(ses are reasonable, in that they possess a quasi
first-order time constant of approximately fifteen seconds, the peak angle of
attack of the front propeller blades increases from 11.5 degreec to 30 degrees
as the steady-state condition is approached. Because this figure represents
the behavior of a linear dynamic system wherein available control forces and
moments are unlimited, whereas in actual fact, saturation of the front
propeller occurs beyond blade angles of attack of about twenty degrees, the
steady-state respcnses shown in Figure 7.2-3 must be scaled down by about

thirty percent in order to maintain li- (ar control action.

In contrast with the above result, a yawing moment command to the same TPS
configuration results in a faster dynamic response with a thirteen percent
greater static sensitivity, The peak angles of attack of the propeller blades
do not exceed the commanded value at any pcint in the transient response.
These results are :llustrated by Figure 7. 2-2, where (YNC = 40 degrees.
Note that a slight reversal of roll angle occurs at the start of the left turn
shown, because the init:al yawing moment produces a positive sideforce on the
fairwater until the sideslip angle builds up and generates a fairwater angle

of attack resulting 1n a negative steady-state relling mement. This effect can

be removed by decoupling the vaw into rol! response (i.e. forcing -K,uo zero).

*  Recall that with direct-ax:s stabslization both pitch angle and depth rate were
irtfluenced byéﬁccrggccommands in the pitch-plane but that use of pitching
moment commands fow coord:inated depth changes resuited in much lower
propelier blade angles of attack for similazr transient and steady-state results,

=¥ Note that 5” =~ch‘:w , thus requ:ring n tmitaal value of onlv 11.5 deg.
of cvelic Fiteh cnthe {or€ ard aft blades with symmetrical speration. Thas
carresponds to approximately 38 percent of the ava:lable side force,

-1
-3
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7.2.2.3 Decoupling Stabilization

As noted earlier, it is required that A/,.(/y, H, -);_)#/V,L Y3> ofor dynamic
stability isyaw, The diract-axis stabilization techniques described in the
previous section were designed to increase the term, Az }/y- » but not to
affect the/‘/;u(z",k‘.y,.)term. By use of decoupling stabilization, the opposite
effect is obtained, i.e,, M»V,«- remains unchanged but A/r()uko*ﬂ) is made
to approach zero. It can be shown that the following relationships define the
numerical values of the decoupling feedback gains necessary to null /\/r and

0 Uo= Yoo respectively*.

7. . Na RAs. 7.2-13
kqf = -——-”5 :0.239;;-73—‘-5 { )

. b’c“o‘ e’ﬂ 7.2-14)
k}a DHo-Yre 4930’”& {

Either one, or both of these feedback gains will result in stable behavior in
the yaw plane. E;igure 7.2-4 for example, illustrates the responses of the
TPS to a yawing-moment step function where only K}: and FP’ are non-zero,
thus nulling (7,,,)(‘-)”.) and #&x. The rolling moment due to yaw rate, £ %,
does not affect stability, indicating that the single decoupling feedback gain,
,(/y’ » will uncenditionally stabilize all of the yaw-plane responses. This
result is analogous to that achieved with the single direct-axis feedback gain,
/(/y' » used previously (see Figure 7.2-2). Note, in Figures 7.2-3 and 7.2-4,
that the decoupling stabilization requires mcre contrel power than direct-axis

stabilization, and has a slower yaw-rate response.

If al! of the decoupling feedback terms are properly adjusted, 1t 1s possible

to completely decouple the yaw/ sideslip/ roll responses, Th:s deccupling

process 1s the only way in which "pure"‘**submar:ne control can be accomplished.
For exampie, Figure 7.2-5 shows that the only respanse of the TPS tu a step
function of applied rolling moment s the roll angle, % Nine feedback gains

using sensors on four submarine motion variabies are reguired to implement
[ i P

*  Note that complete nulling 1s nat required for stability, provided that Equa-
tion (7. 2-10) 15 satistied.

A single-axis response to a single-axts command.
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this condition. The utility of using such a complex stabilization systemn in the
high-speed operating regime’is Questionable but the results are presented in

the interests of generality,

-
7.2.2.4 Combined Decoupling and Direct-Axis Stabilization
An analysis of the characteristics of the two stabilization techniques discussed
previously suggests that the best results can be obtained by combining the two
methods. This is, in fact, the case. A combination of the two methods tends
to increase A/n Yy. and dec rease”r(”;%‘%) simultaneously. Figure 7.2-6
illustrates thc result that is obtained when yaw-to-roll and yaw-to-sideslip
(i. e;, ,(/).. . )4. ) decoupling has been combined with yaw-rate direct-ax_i:_
stabilization (i. e., an increase in the yaw damping, Ny }. The gain /ey.'l
was adjusted to produce an optimum usage of forward propeller angle of attack.
Note that O(’c does not vary from twenty degrees throughout the transient
response, [t is seen that the front propeller generates its maximum available
side force continuously during the transient and steady-state portion of the
turn; this force essentially contributes to (1) yawing moment initially and,

{2) both yawing moment and sideforce in the steady- state.

In the turn shown in Figure 7.2-7, direct-axis stabilization is used to increase
the damping in yaw and decoupling stabilization is used to eliminate yaw to

roll coupling. The decoupling feedback was included to eliminate the small,
initial reversal in roll angle exhibited in Figure 7.2-2. The feedback gain,
?;; = 73.5, was selected to use the full available range of peak blade angle

of attack of the forward propelier. The rol! response scen in Figure 7,2-7
results from the sideslip-to-roll coupling, ;ey-, {due to the fairwater) and the
sideslip response results from the yaw-‘o-sideslip coupling, 7s, 20, -¥e . Note
that the incremental collective pitch, 4 5 » required to shape the roll response
of the TPS 1s small, being less than three degrees., This result is expected
because of the relatively small moments required to roll the submarine, and

: . ) .
the relatively greater roll-control effectiveness than yaw-control etfectiveness .

* A proof of this statement 1s !ha&/‘é/\é‘ﬁﬂ% . that 1s, the ratio of the control
coctficient to the primary term that requires controliing 14 greater in the
roll axix than in the yaw axis:

ot = A
W£ :./03 a4f . SO
z /?,o )

AG-1n3i-va? =

proord bessd  bewaed head eeeed

b w—ed

P P

# -t

El
i
3




r——

o 100 HHEERER AR 41+
‘ 8 sobREEEREEREREEEEEE e
E ok =55=33353¢ SE=oSSno o
RS FR A AL R!.T T1IF
-100 o I ol o [493] 53 2 -

a
3
o
o
1 o
‘Fg‘
o
»
)

= - :x.. o ¥ 9 -

or Ehmns ® o

4 ot J - 44

A -00%0 £ Srfog L T X 2 —pes

AL R0 3

-1.00 -30-

(7 B T .

FIGURENO. 7.2 -6 COMPBINED PARTIAL DECOUPLING PLUS
MRECT-ANXNIS STABILIZATION-TAW PLANE RESPONSE (O A
YAWING MOMENT COMMAND | S,C N7 RA

<t AUATE ETE T PR A




250

RAD
8 :
%)

1]
8

T

T

' ‘! ,;- wu
8

-

A FY/SEC

250 EbEH o Tx, | R,

A
5

o";no.." L 6
¢ Cﬂ o
< {éﬁ

oo FEEEE

-010 #- D ol o8 2% B 7 3 7 A T G R A A -20 - ~pg oot ;f'
-.020 £+ - A EAEN AN E S -40 W 2 B 7 e 8 S A 7 1 et g8 7

¥ RAD/SEC
o
%
T’&»‘
0 & !~'3
Q
o
O
-
oM
Pl
O
)
RAD
o8
|
-
-
(34
{2

RAD
o
bty
o

-100 T . -40

"
&
3
“+

[ ] [N [ PR

e

FIGURE NO. 7.2 -7 DIRECT-AXISSTABILIZATION WITH YAW
INTO ROLL DECOUPLING-YAW PLANE RESPONSE TO A .
YAWING MOMENT COMMAND  (§,, - 0.70 RAD)

AG-1n44-V .2 44

ey Son -~y

o A B R i P e AT




R TR e A TN, Lt b P ok 4 R it 2 LS

e i
R PR  rreaaE o e e AT s s SEFRT s e

g
3

BRET

Figure 7. 2-7 represents the best compromise between (1) loop gain, (2) control-
systemn simplicity, (3) dynamic response and (4) available conuol power. Here,
faxlure of any or all of the three feedback loops, controlled by Ki K’/ , and
/(’ » in the rolling moment equation could occur with no loss of stability. The
gain, K;o , can vary over wide limits, provided that Ky >34.3 for %o = 40

ft/ sec, without loss of stability and with only small changes in the form of the
dynamic responses*. The yaw-rate equivalent time constant (63. 2% of final
value) for the direct-axis feedback gain of /-(-y. = 73.5 is approximately seven

seconds, compared with an estimated value of about 80 seconds for the Albacore,

7.2.2.5 Influence of Nonlinear, Control-Coupling Terms

The foregoing analysis has been limited to linear system responses, where
scaling from one amplitude to another allows a convenient assessment of the
maximum capabilities of the control system. If the nonlinear, control-coupling
terms from Equaiions {7.2-9) are included in the analysis, it is no longer
allowable to scale responses from one amplitude to another, unless the non-

linear effects can be shown to be negligible.

et Pt el ey ey e i DY MO e

Function generating equipment was used to produce the nonlinear terms of the
control force and moment Equations (7.2-9) and key analog computer solutions
obtained for the linear system were rerun with the nonlinear control terms
included. The nonlinear solutions were obtained at limit values of propeller
angles of attack, because the nature of the nonlinearities is such that they

[ are most significant for large control inputs. In every case where Iimit
mancuvers were computed, the effects of the nonlinearities were iound to be

1 negligible. The largest effect was the change in forward speed, &5

- resulting from the X‘Sz cocfficient and the control terms, & ard Sy

{Reference 1, pg 50) this change in speed never exceeded one knot for the

most unfavorable combination of blade angles,

* For very large values of £ - theiz/éfm response becomes that of a first-

order systern with a time constant given by: T = - Iaz

CYFIEV
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In acc :rdance with the arguments presented earlier favoring the uze of yawing-

and pitching-moment commands for control of the submarine at high speeds,
it can be concluded that the control inputs, 5? ' SJ , and ‘SK , Will - esult
almost entirely from control-system feedback signals. Large changes in the
thrust command, J;z ., tend to change the effectiveness of the yaw.ng moment
command 5;/ » and the pitching moment command é;, » but these are pri-
marily direct-axis effects and are not expected to be serious. In general,
except for the most severe high-speed maneuvers, cerms involving products
of control inputs will be negligible in comparison with the primary control

moments, /%4‘7 and /‘{;a;y .

The computed nonlinear responses of the TPS are in all cases nearly identical
to the equivalent, linear-system responses already shown and, accordingly,

are not reproduced in this report.

7.2.3 High Speed Operation with One Powered Propeller - Yaw Plane
Because of the relatively complex nature of the propeller control system of

the TPS, it is desirable to analyze the influence of various system failures

on the stability and control of a partially disabled vehicle. Although the
number of possible system failures (without regard to probability) 1s large,
one of the most meaningful studies that can be performed is the study of the
loss of driving power to a single propeller, while the remaining propeller
maintains normal operation. For the present investigation, this propeller
failure 1s assumed to be represented by a nonrotating propeller (_/Z =0 )

where control over collective pitch 1s ma:ntained.

An analysis of submarine stability and control with cne nonrotating <nd one
rotating propeller 1s a logical extension of the single-propeller, trim-
operation study of Reference 1. Although it was shown in Reference 1 that
the trim force and moment equations can be satisfied simultancously with

a single rotat:ing propeller, no information on the resulting maneuverability

of the TPS was presented.
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An analysis of =ingle-propeller operation at high speed requires a re -omp:tation -
of the hull and propeller stability derivatives because of (1) a change in the trim
operating speed of the submarine and (2) the unbalanced propeller operation.

The modified stability derivatives were computed for the optimum single-
propeller operating point noted in Reference 1 (pg 60). Analog computer studies
were then performed to determine the submarine stability and control behavior

for small perturbations from the quiescent point with the aft oropeller driving

and the forward propeller stationary, and vice versa. As a result of the
unbalanced propeller operation it is also necessary to investigate the influence

of the yaw-pitch, gyroscopic-covpling torques on submarine motions, in terms

of the cyclic pitch angles required to decouple these torques.

Assuming that controllability of collective pitch is maintained in the locked
propeller, the trim values that result in the most efficient submarine opera-

tion were computed in Reference ! and are listed below for convenience:

2{ locked ~ 0° Uy = 24.5 ft/sec = 14.5 knots
0 rotating ° 23° -n'rotating = 50 rpm

X locked = 14.7° <L, cked = 0

& rotating - 4.8° ’3 = 2820 horsepower

The physical properties of the submarine, viz. weights, inertias, geometry,
lift and drag coefficients, and number of propeller blades remain the same

as in th2 study of two-propeller operation. The rotating propeller 1s assumed
to be angular-velocity limited rather than power limited, because it produces
only 49% of rated power at rated speed. Note that it 18 assumed that the

trim values hold irrespective of which propeller rotates and which propeller
15 locked. If, 1n addition, 1t 18 assumed that both propellers possess cyclic-
pitch as well as collective-pitch control, a new set of propeller stabality

derivatives and control coefficients 1s obtained . The individual propeller

I
I
I
!
1
I
I
I
!
I
I
!
l
l
|
|
|
|

* The control coefficients computed for a locked propeller are not used in
this study because the cyclic pitch control of the locked propeller 18 assumed
to be disabled. However, the numerical values are computed for conven-
ience 1n possible future studies.
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stability derivatives depend upon which propeller rotates and which propeller
is locked, whereas the individual gontrol coefficients are invarient for a

locked and for a 1otating propeller, irrespective of location.

Consider the case where the forward propeller is nonrotating with locked trim
collective pitch and the aft propeller rotates at rated speed with adjustable
collectivs and cyclic pitch. The propeller control coefficients for the yaw
plane are obtained from the equations for 5‘ and //{ given in Reference 1

(pp 46 and 48), where account is now taken of the dissymmetry between the
trim operating conditions of the fore and aft propellers. Due to this dis-
symmetry, unequal fore and aft control coefficients are obtained and the yaw- ;

plane control forces an. moments are represented by:

/VC' =/\(fj a}f *Aé'o. é;.d. '
Ye 2 75, S2p = Vn S2a (7. 2-15) '
Ke = Kyge Q65 Ky L8 :

These equations are comparable to the linear terms of Equations (5-15), Refer-
ence I, The ncnlinear, control-coupling terms, if they are to be analyzed,
must also be separated into the fore and aft components, However, the non-
linear, control-coupling terms have been neglected here because of their

sma!l influence onthe response of the TPS, as noted previously.
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The individual propeller coatrol coefficients indicated in Equation (7. 2-15)

are given by:
B =<5, U,‘AA//‘;’&.‘/“
Nea "//z Be (1.2-16)
Mg =z %g

2 2
KAJ&_ = '2/ ‘ffv Q’V'e {Q‘ JNJ;_-»*Z,CC,’,_‘ cos OQ]

W sl traltil e Dl

Kagy * = 2% ANRC,

Numerical substitution yields the {cilowing results:

— 1 et ey ey et ey ey g PO

r Msn = -16.9 x 10° f-1b/rad
' Msg = -5.66 x 108 fe-1b/rad
Y, = -l5ix 103 16/ rad
| a 3 computed for:
)g—f =z -51.4x 10" 1b/ rad Aa =50 rpm
i Kyda = -3.38 x 10° fr-1b/ rad A =0

A48y = -1.13 x 108 fe-1b/ rad

e

These control coefficients can be compared with the results obtained for

symmetrical two-propeller operation as listed in Table 6-3, Reference 1.

v When the aft proupeller 1s locked and the forward propeller rotates, the
!, control coefficients are obtained by interchanging the subsc ripts & and f
in the above equations. Thus, for example, Aé’a. = =5.66 x 106 ft-1b/rad,
l etc,
l A9 AG-1634-Vv-2
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It should be recalled that many of the combined fore and aft propeller deriva-
tives were zero for the case of balanced two-propeller operation. This result
occurred when the fore and aft propeller forces/moments were equal, but
opposite in sign. When single-propeller cperation prevails, however, there
are additional propeller contributions to the total stability derivatives that
must be individually computed. These computations present certain mathe-
matical difficulties that are briefly reviewed in Appendix B.

7.2.3.1 Maneuvering Analysis: Single-Propeller Operation

Since the dynamic stability of the TPS depends on control forces and moments
applied through proper modulation of the individual propeller blade angles,

it is of interest to examine the behavior of the submarine when the feedback-
stabilization gains are not changed from their normal, two-propeller, balanced-

operation values but a single propeller is disabled. For the assumed case of

single-propeller operation
ALr =0
57 =5, "z =0
Accordingly, the control equations reduce to
Ye = =750 Sz
Moo= Ms, S (7.2-17)

KC = -'(ASA. Aga.

Assuming a stabilization mode before breakdown that 1s equivalent to that
employed in obtaining the yaw-rate respunses pictured in Figure 7.2-7, the
aft propeller blade angles that result from the commuand signal and the {feed-

*Xx
back stahil:zat:on loops are given by

* These equations are obtained by solving Equations {7.2-11) simultanecously
with the following cquations:

{} =527 324 54"1‘ “d24c ~Szac

Sy 2814 *S2a énc =820 *S20.c

5,( :A‘;( ’AJ@ Sg: 'Ad;'f_’ ‘Aé'a.(
The feedbhack gawns K% . ,{’j .(/ , Zj . ,?f' ,féj arc zero.
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820 = Szac "‘ézy/ﬁ. *
A& =Abucti[Byy-Ri 3 -Zud] (7.2-18)

The sine cyclic-pitch angle.gld_ , is available to ccunteract the yaw to pitch
coupling caused by /‘7’. and A4/ . If it is assumed that control over cyclic
and incremental collective pitch of the forward propeller is lost, the feedback-
stabilization terms shown in Equations (7. 2-18) above become the sole source
for augmenting the stability of the TPS. It remains to be shown (below) that

stable operation results when the forward propeller is disabled.

Stable dynamic behavior in yaw is obtained if

Ny (M, 20-Y2) #Npr Yy >0
as noted in Section 7.2.2.1, Equation (7.2-10). The side force due to yawing
velocity derivative, y;t- , i8 decreased and the yaw-damping derivative, /V;‘ ’
is increased by the feedback term z};j . On combining the basic submarine
derivatives with the stability augmentation terms, stable operation in yaw
results if

Wo (o sta= vy ¢4 15 Ry )+ Wn 4304, By ) v3 >0

or o - Ny Yo 1V (”[/ﬂo‘rf-)
Ky > -2 M # Yo

On subst:tuting numerical values from Table B-1, Append:x B, we find that

dynami:ic stabil:ty 1in yaw places the following requirement on K}; , namely:

Kg>q917

9l AG-1634-V-Z
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As noted in Figure 7.2-7, A’/ = 73.5 for "normal'' two-propeller operation,

Thus, this brief analysis predicts stable single-propeller operation, with
the aft propeller thrusting, and no modification of the feedback-stabilization

signals required in a transition from two- to one-propeller operation.

An analog computer mechanization of the operational mode discussed above
confirms the above conclusion, and demonstrates rapid, well-behaved
submarine responses to yawing-moment control inputs, Figure 7.2-7 was
previously discussed as representing optimum two-propeller operation of the
submarine. The equivalent single-propeller yaw-plane response, with the
aft propeller thrusting, is shown in Figure 7,2-8, where the motion variables
., /b. , and f of the submarine are plotted with the same vertical scale
and time scale sensitivities as in Figure 7.2-7. Since a single propeller,
only, is available to generate control forces and moments, the equivalent
commanded value of 52& is 0.15 rad when 5,,@ = 0, 30 rad, with Jz’c = 0.
It is apparent from Figure 7.2-8 that stable, controllable yaw-plane behavior

is obtained in the specified, partially-disabled operating mode,

In order to dctermine the effects of disabling the aft propeller, an analys:s

similar to that just presented was performed. In similar fashion, we assume:
_/la 74
ASs 2Siq *S24 =0
The control forces and moments are given by
Yc = Kff 52;
/VC = /\/Jf Jz/ (7. 2-19)
Ko = Kag A5

In the preferred mode of symmetrical two-propeller operation, the cyclic

s . &
and collective piteh angles of the forward propeller are given by
[
= A !
$17 = Sacc FZKp ¥

A% = Aspe +3[Rj B1Ry #-F, 4] -2-20

¥ Sce foolnote on page 20,
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Continuing the analysis in the same manrer as before, we have

—— ‘
Ye> =2 /\/F)/p *‘A/r/?ﬂzl‘g-){ﬂ-)
¥ Vot~ M i

for stability. Substituting numerical values from Table B-2, we obtain

Ky > 04
With (P = 73.5, the submarine is obviously unstable. The instability is
caused by the reversal of sign of the control force, )é , that occurs when
the thrusting propeller is shifted from the rear to the front of the submarine.

Specifically:

s - ’ aft propeller thrusting
)é 73“ 524.
forwarsd propeiler thrustin
+* ' prop 8
AR

Thus, the feedback term, ,(-/;'/ , reduces the destabilizing derivative )/7,
when the thrusting propelier is aft but increases )/,. when the thrusting
propeller is forward. Because the yawing-moment control term, ;%- , does
not change sign with location of the thrusting propeller, the yaw-rate feedback
increases yaw damping, /V;‘. , in both cases. Thus, if the percentage yaw
damping is increased more than the side force due to yawing moment is
increased, when the thrusting propeller 1s forward, an increase in yaw-rate
feedback gain in the cosine cychic pitch, Equation (7.2-20) ultimately stabilizes

the subrmarine response, This requires that );‘_ A/Jf )A/;._ }g;‘ ., a

condition that 1s satisfied with the assumed submarine parameters,

An analog computer simulation confirmed the above predicted insiability that
results from disabling the aft propelier without modifying the feedback gain,

Z}". « It can be shown that a value of feedback ga:n, /(’;‘, = 436, produces

. U ¥+ rad/ sec
a static sensitivity, ?/5”.)“ = -.0063 g - Wilh the aft propeller
thrusting and K, = 73.5, the static sensitivaty, P/;za )” . 15 also

rad/ sec
- ,003 -m—‘—- . Thus it 15 pussible to achieve the samie static sensitiviaty

simply by increasing the yaw -rate feedback gain used wath a thrusting {erward

AG-1r3g-v-2 L
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propelier. However, the transient response obtained with a thrusting forward

propeller is prohibitively slow, indicating an almost complete lack of maneuver-
ability in this mode. This fact is clearly illustrated by Figure 7,2-9, In order
to show the response of the TPS to a step-function of 5),,0‘ in detail, both the
vertical and horizontal scales have been changed in Figure 7,2-9 in contrast

to the scales used in Figure 7.2-8. Note that the stcady-state does not appear

in the figure, even though a time period of 30 minutes elapses during the run!

Because cosine cyclic pitch, sz » appears directly in both the side-force
and yawing-moment contiol equations, with an opposite effect on submarine
stability, depending upon which propeller ‘s being cyclicly controlled, it is
apparent that feedback signals that tend to augment stability through the yawing-
moment equation will concurrently decrease stability through the side-force
equation, and vice versa. We conclude that whenever the aft propelier is
disabled {i.e., locked, with control over trim collective pitch only) and control
forces and moments can be applied through the forward propeller only, satis-
factory transient response cannot be achieved by application of feedback-
stabilization signals to control the cyclic pitch of the front propeller. External
modification of the pertinent stability derivatives of the TPS through the use of

auxiliary control surfaces, for example, would be necessary.

7.2.3.2 Influence of Gyroscopic Coupling on Control Power

In Reference 1 (pg 63) Equations (6-1), the yaw-pitch and pitch-yaw coupling
momeznts, as caused by gyrosc>pic action, are shown, When balanced opera-
tionn of the propellers 1s assumed, the momentum vectors associat: 5 with the
fore and aft propellers arc equal in magnitude and opposite 1n sign, thus
cancelling the effects of each individual propeller on the submarine response.
Conscquently, these terms are deleted from Equation (7.2-8). If, however,
the propeller angular momenta are not equal, as would result from single-
propeller operation, a pitching mement due to yaw rate, { /-!}-,‘/‘_ ) y. , and
a vawiny moment due to pitch rate, (}4-/-/,. ) é , are generated, The
assumption of pure yaw-plane responscs to yaw -inoment commands 13 valid

only 1if sufficient cvclic pitch 1s available within the controul saturation envelupe

as AG-1»3i.Vv.2
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to {!) decouple the vaw to pitch response, (2) decouple the pitch to yaw response,
and (3) provide direct yaw and pitch axis control power, simultaneouslyg
Accordingly, it is required that (ly'f '//Q -Mp ) }’ = ”C' in the pitching
moment equation and (A4 - //, - A/’ ) ‘f = A in the yawing moment
equaticn. For single propeller operation:

/e = Msa Sra
aft propeller thrusting
N = ‘MJA S,
= e &¢
/VC -"/\/J'f Jz,c

forward propeller thrusting

Consequently, yaw-to-pitch decoupling occurs when

5/4* . e - Ha -l }1/ (7. 2-21)

and pitch-to-yaw decoupling occurs when

YISV A

¢ ) 7.2-22
ZA P (7.2-22)

-
Sia, 5
Separate calculations are required for the two single-propeller drive situations.
First consider the case of a lecked forward propeller. Here, /‘/f = 0 and the

remaining terms are histed 1in Table B-1.

* From Reference | (pg 28 and 29)
/V,a "/2[‘/‘4’0){ # Now®)a *)?p)f - ‘);,,'o)aj
/VIWP = ”y-'b
),/ﬁp . g"'/’

Combining these equat:ons with Equation (B-5), :t 13 apparent that A} '-/V;L .

-1
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6
5_/4 = oMo -7t . (-2.72+ 5950 x10° 191 ueg/acg/ sec
4 M 16.91 x 10
4
Sia _ M, ( 2.72 - 5.95) x 10
= La-Ng = .191 deg/deg/
) M, 0 - T <1691 x 10° cgieesisec

When the aft propeller is locked, we find from Table B-2:

_%i .Zﬁ__ﬂz_ 2.72+5.95 . 513 deg/deg/sec
16.1

= -//f—é-— ~2.72-5.95 - 513 deg/deg/sec
-16.91

Maximum values of yaw and pitch rates, when full control power is made

available at high speed to perform limit maneuvers with the TPS, are approxi-
mately one deg/sec. Consequently, the additional cyclic pitch angles necessary
to decouple the yaw and pitch planes never exceed about one-half degree. This
amount of cyclic pitch corresponds to 2-3% of the available control power, and

is not a significant factor in the TPS stability and control problem,

The general conclusions reached in this section of the report (Section 7.2) are

summarized in Sect:on [I, Summary of Results and Conclus:ons.
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7.3 BLADE ANGLE RESOLUTION
The trim settings and operating conditions for hovering flight, given in

Section VI, and those for the high-speed maneilvers, given in Section VII
(Section 7. 2) will be discussed briefly with respect to their influence on the

* : . o .
resolution requirements of the collective and cyclic pitch control linkages.

7.3.1 Hovering Flight

In Section VI (6. 3) it is shown that, when /- 1, the magnitudes of collective
and cyclic pitch required for a trimmed forward speed of 0.55 ft/sec and a
a‘ -velocit; ={ 0,1 ft/ sec are:

Sp = .05rad & 2.9° (z = .55it/sec)
S22 .02rad 2 1.1° (%= . 1:i/seq)

These values of J, and Sz provide a rough indicaizon of the resolution which
would be needed in 5, and & , if it is desired to achisve the very low speeds

noted,

7.3.2 High-Speed Flight

In .igh-speed flight a measure of required blade angle resolution can be
obtained from the steady-state transm:ssion ratios that define the change in

a given motion variable per unit change in the appropr:ate blade pitch angle.

{a) Forward Speed:

In Reference 1 1115 shown that for stra:ght and level flight at high speed
{ do 7Y 40 it/ sec) the relationship between change :n speed, & . and change
in collective pitch, 4 S . 1St

-

Xog (885488, ) % -Xg Z~

*  Resolut:on 1s taken to mean the least amount by ahich a given variabie
{c. g. ¥ - Ja 7 ? etc.)mar be changed bv control act:ion.

*% The second-order propeller drag term :s neglectied.
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1t dég=8dy =84 + Kgg =660 x10° 1b/rad, and Xy = -17. 5 x 103

1b/ ft per sec:

Aié-. Y .013 rad/ft per sec, or . 76°/ft per sec

Thus, if a resolution in forward speed of 1 ft/sec is desired, a resolution in

collective pitchof . 76® is needed.

(b) Dive Angle:
At high speed, the steady-state dive angle (see Section 7.2.1) is given by;

9 = _# (53"""3’/«.)

it &4 .Ja_ =S, Mg =0.25x 10
ft-1b/rad ;

6 6

ft-1b/rad” and Mg = -9.63 x 10

é = 6.3 degree/degree.
2

The corresponding relationship for dive rate is:

—g = - ¥ (Jc = = 4.3 ft/sec/degree
’

{(c) Yaw Rate:
It can be shown that the steady-state yaw rate per umit cosine-cychic pitch
5( ng 24=£1 ) 1s given by:

¢ = - 2
x Ny N | M2 =Y
2 Ay T A Vor .
It the proper numerical values for the stability derivatives and the mass ,
?)z/ , are substituted in this expression the result is:
[ J
'/
0. 06 degree/sec
Sa egrec

* Sce Reference
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If it is assumed that it is not required to operate at hovering speeds much lower
than those indicated above, the blade angle resolution requirements will prob-
ably be determined by the high-speed flight conditions rather than the hovering
conditions. The high-speed case is summarized below:

Trim Condition Approximate Resolution Needed
Forward Speed, & 40 ft/sec 0. 76‘ in Do for 1 ft/sec change in ¥
Dive Angle, & 20° 0.16° in 5, for 1* change in &
Dive Rate, ?. 14 ft/sec 0.23° in S, for 1 ft/sec change in é
Yaw Rate, }; 1*/sec 17.0% in %’ for 1*/sec change in }ll.

From these calculations it is evident that the specifications to be piaced on the
resolution of S‘ . 5, and g,_ will depend upon the minimum change (i. e.,
the least count) desireu in the related motion variable. Based on these pre-

liminary and incomplete data, one might conclude that reasonable resolution

EE SEE GIE NI N OR UGN SED VNN ENE NN SEw e

N . A -~ ~S
requirements on blade pitch be: 5, = 1°, 52 = 1° and ; = 0.2°%
R
8 * There may be maneuver requirements, other than dive rate, turn rate, etc.,
which influence blade angle resolution.
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7.4 HANDLING QUALITIES OF THE TPS

A general consideration of handling qualities often include certain aspects of
vehicle behavior that are related to the basic open-loop performance of the
vehicle, Usually, an attempt is made to set up dynamic-performance criteria
in terms of the response of the vehicle to specified control inputs (or a
sequence of inputs). In the case of a submarine these criteria may relate,

for example, to (1) the ability to perform a given diving rate, (2) the ability
to turn at a given rate without exceeding specified limits on induced roll,

{3) the specification of time lags or other dynamic measures of maneuvering
performance, etc. etc. Efforts have been made to evolve such open-loop
performance criteria, both in the case of surface ships. and submarines, by
using the concept of definitive maneuvers. [t is important to recognize that
these performance criteria are limited, in the sense that they can only be
used to "test” the vehicle and possibly, its control linkage, but not the remainirg
elements of the overall vehicle-control loop (i. e., the pilot; control column
dynamics; displays; etc.). Discussion of this type of performance parameter
for the TPS is included elsewhere ir this report, notably Sections [I and VII

{Section 7.2).

Although performance parameters of the type discussed above are important
in judging the handling qualities of a given vehicle, such a judgment is incom-
plete without a consideration of other elements in the overall control loop of
ihe vehicle. Here, one becomes involved in the effects of pilot skill, display
dynamics, control-column dynamics, etc. on total system performance.
Relating total system performance to handling qualities and evelving numerical
handling qualities criteria therefrom, is a considerably more difficult task
than that of specifying open-loop prriormance criteria. The recason for this
difficulty is the wide variabilit& {and adaptability) of the dynamics of the human
operator. Accordingly, attempts at creating a priori criteria for judging
total-system performance are usually descriptive in nature, rather than
numer:ical. For example, we find such statements as "the v‘chxclc should be

capable of maintaining a straight and level flight paith with a4 minimum of cffort

* Sce Reference 9, for example,

AG-lodiaV.2 102




g g o=

Prest ewy pppw emm way D

| S

-

i —— sumse o s

4
Iy

on the part of the operator'., Thus it is very often nccessary to resort to
closed-loop simulaticn techniques, with pilot included, or to full-scale
vehicle tests in order to make some headway into the problem of defining the
handling qualities of the total system. The extensive experience in the air-

craft handling qualities field is notable in this respect.

The above discussion indicates that the objectives of the present program,

.as undertaken by Cornell Aeronautical Laboratory, Inc., are necessarily

limited to a consideration of handling qualities as related to open-loop
performance. Considerations of this type have been noted earlier and are

treated in various sections of this report.
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FUTURE WORK

Plans for future work are outlined below, in the form of five broad task state-
ments. With the possible exception of the hydrodynamics studies, none of the
tasks is considered to be completely independent of the others, and no

particular chronological order is implied.

TASK 1: Submarine Hydrodynamics

Review the hydrodynamic theory developed by CAL and compare this with the
theoretical and experimental work performed by the Netherlands Ship Model
Basin, Attempt to arrive at a useable working theory for the unshrouded
propeller hydrodynamics. Examine the applicable experimental results of the
work of the NSMB related to shrouded propellers and hull hydrodynamucs and,
if possible, apply these results, in the form of simple modifications, to the

present theory.

TASK 2: Performance Optimization

Investigate the problem of optimizing trimmed-flight operating conditions at
zero and low forward speeds and at high speed. Take into account realistic
power plant considerations, single and two-propeller performance goals and

the trade-off{s between these factors and geometric configurat:on factors,
L] s
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Arrive at optimum design operating conditions and trim settings with the present
configuration (16 blades, 3 ft“ blade area, 50 rpm max. propeller speed), and

an indication of design trade-offs achievable with other configurations.

TASK 3: Stability and Control

Perform such analog computer studies as may be necessary (high-speed case)
to assist in the performance optimization task discussed above. Repeat the
high-speed single-plane studies reported in Reference 1 and this report, if the
results of Task 1 indicate that a revision is necessary in the applicable
equations of motion. Perform a six-degree-of-freedom analog or digital com-
puter simulation of the zero and low-speed cases. Investigate the medium
speed regime analytically or via single-plane computer studies. Compare TPS
performance with a conventional submarine and make final assessments of
overall feasibility of the TPS concept as it relates to stability and contral. On
the basis of ali previous work devise an ali-speed preliminary co: 1-ol system
configuration and attempt to judge the handling qualities of a TPS equipped with

such a control system.

TASK 4: Impaired Operation

Select and investigate certain off-trim operating conditions which may arise due
to failures or faults in the control system or its components, or to the appli-
cation of external disturbances ‘s the TPS. Examine such evidences of impaired
operation as locked or jammed propellers, power failures, loss of control
signals, etc. Utilize the single-plane analog computer mechanizations of

Task 3, 1f necessary, in order to investigate these impaired operating

conditions.

TASK 5 Control System Design

Utilizing the theoretical control system configuration of Task 3 as a point of
departure, formulate a practical control system des:in. Specify control system
component performance requirements and indicate wavs of sensing the necessary
stabilization and control signals. Indicate and define the {eatures of automatic
modes of operation, including depth-keeping, course-xeeping and roll stabiliza-
tion. Define the elements of the mancal control mode of operation. Draw on the
stab:lity and control studies to describe manual conirsl of the TPS in une-deygree-

st=frecdom and interaction or coupluny with cther deorees-of-freedom.
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The work-plan outlined above will form a logical continuation of the effort
started under Contract Nonr 3659 (00) (FBM). It is designed to provide a

sound basis for a final judgement on the feasibility of the tandem propeller

concept as it relates to stability and control, and handling qualities. The
broad objective of the program is to bring to a satisfactory conclusion the
lines of investigation started in the current study and to extend these investi-
gations, where necessary, to achieve the following goals: (1) the determina-

tion of overall feasibility, and (2) a preliminary design of a TPS control system.
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APPENDIX A

LOW-SPEED AXIAL-FORCE INTEGRAL

The average axial force is obtained by integrating Equation 4. 1-6 over one
cycle and dividing by 2TC . These integrations can be performed in closed
form only if the collective pitch,J. , the amplitudes of the cyclic pitch com-

ey  Eewy  peew) pumey ey emwd sy oml FEN WD

ponents, 5, and 5‘, and the velocities ﬂé and 2%, are constant., The inte-
gration is approximately valid if it is assumed that these variables change

slowly with time over any one revolution of the propellers. Unless this

v

assumption is made the vector propeller forces must be calculated for each
individual blade, as a function of time, and superposed. A dynamic analysis of
the automatically controlled submarine would become extremely difficult be-

[ cause it would be necessary to sclve a set of simultaneous integro-differential
equations for each -et of conditions corresponding to a postulated control system
configuration. The steady-state analysis is, of course, unaffected. Also, 1t

L can be argued that the conditions under which the assumption noted above 13 not
valid correspond to conditions where unsteady hydrodynamic effects would also

i be significant,

‘ 1t AG-1Indi-v-2
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The effect of the above assumptions on the work described herein, and in

Reference 1, is dependent upon the severity of the transient phenomena

involved. At high speeds ( JLZ SO) when, as a result of control action,

the peak propeller blade angles of attack change rapidly in one revolution of

the propellers, the results may be in considerable error over whatever time

interval is involved in the transient. If these variables change relatively slowly,

i the results are quite accurate. At low speeds the effect of the above assumption
is mitigated somewhat by the fact that all transient phenomena will be in-

herently "'slow' pnenomena because of the low force/moment lewels involved

and the large mass/iner‘ia of the submarine.

The equation that predicts the average axial force follows:

Fr - %(z—’/om/znj/ e, [ 45, w4 8, casT] L7
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Fr= Ve 2o i f 2 < + Ty +Z, "/:7

Evaluating the integrals over one cycle:

.7,- = C’%,e‘/z%a-j_ (””L/‘)C“r %ﬁé——%,&ydﬂ.{ casdfelr
= z 7‘/:) S, (w-g.2
eréﬂ[ﬂ )J,.‘.{ + e’% )]
: *[ (¢ +Cu) 20 (%5 —ﬁff“"- e e
- —zm R+, ) (42)
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In collecting the integrals all terms involving , T, 37‘-‘, 3’7" and "M
are discarded and the substitution z-flﬂﬁl\/_ﬂ_ ot = is made. /“z

then becomes:

B 1h0fe, 1428 )5 v (352 ) 5 #(ochle) 5 (22
_C/[m/,
AG RN+ G + 5+ 002
—(5‘%‘)20 %)
()
(55 - 222))f
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APPENDIX B

STABILITY DERIVATIVES AND CONTROL
COEFFICIENTS - SINGLE PROPELLER OPERATION

Consider the case of a lockeg forward propeller and a rotating aft propeller,
The propeller derivative Yr (i. e. side force due to sideslip velocity) is
basic in the calculation of all of the non-zero propeller derivatives. As

. ®
noted in Reference 1,

)/f) - .'Z/M"O/(/-AQF&) (B-1)
> he R/
S
It is apparent that Equation (B-1) canrot be used in i1ts present form to
P s
calculate );._ jf . because _ﬂf = 0. This problem was resolved by
substituting ;(Q , as defined in Reference 1, page 25, and taking the
limit value of the combined expression as _/Zfapproaches zero. Further,

from Equation {6-7), Reference I, the trim rolling moment 13 given by:

e 2}' Z(c.l/)/\/EC’L‘,s /qf/ (B-2)

-
/M;’/f ‘/Nza/a, because the ralling moments are balanced for

trimmed operation.
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Substituting Equation (B-2) into the !imit form of Equation !B-1), the final
expression for );- if s obtained as follows:

);f# = 'Z'I'F’ l(eA/VI/C’,_,, +Cy, 4/,'6'420, «/"] (B-3)

o
The aft propeller value of )/;A- }a. can be computed directly from Equation
(B-1) aiter the required values of /”’,/and RQG« are determined.

The combined propeller contributions to the total value of the stability
derivatives are computed from the following equations, taken from
Reference 1, pages 28 and 29:

AR AYIERALS

Y TIRTY
);".Ag’-,{’,.’-k,"”o

ML = Y.

N =4, z);‘"f/t{f); M/'ﬁ’); 400

Kfﬂ= 2y, P

> P
The terms M., }’[, A are negligible.
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The stability derivatives of the hull are directly proportional to submarine
sgeed. Since the single-propeller trim speed is 61% of the two-propeller
value, the corresponding hull derivatives must be reduced to 61% of the
values listed in Table 6-2, Reference 1. The modified propeller derivatives
must be added to the modified hull derivatives to obtain the total derivatives

that apply to the case of single-propeller operation.

In order to estimate the amount of control power required to counteract
the gyroscopic coupling resulting from untaianced operation of the pro-
pellers, it is necessary to compute (1) the angular momentum of the
rotating propeller, (2) the pitching moment control coefficients, and (3} the
propeller stability derivatives, Mr—and /V . It is shown later in this
section, that knowledge of these quantities is both necessary and sufficient

for this estimate.

The moment of inertia of the rotating propeller about the longitudinal

axis of the submarine was calculated on the assumption that the complete
propeller and drive assembly can be approximated by a right circular
cylinder with an outside diameter of twenty feet, an inside diameter of
fourteen feet, a length of 3.5 feet, and a weight of 125 tons (see Reference 4).

The polar moment of inertia of the propeller was computed to be:

_Z/—a = 852/,000 t8.F7- 567

For a propeller angular velocity of 50 rpm, the angular momentum 1s found

tc be:

H = j;/, /2= é'z; voo)(E5)(50) = 2.72 <1057 ¢ & sec.

IR AG-inid-Vv-2
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The pitching moment control term is given by:

Me = Mg S1p * Mgy Sa (B-4)
where: /‘6;‘ = ‘Aé/'f and /‘75‘:—,{&-; see Equations (7, 2-16).

The yaw-pitch coupling derivative, M"' is defined in Reference 1,
{pg 29) to be:

My <La { /%“21 "M*p/a "zx—p),c‘ ? z»p)a. j (B-5)

The individual terms in Equation (B-5) are, in turn, defined in Table 5-2,

Reference l*.

* ]
The indeterminate form that results from attempting to compute /7)4- jf .
when ..df ~®© , is resolved by substituting 27 (Reference 1, pg 25)
and taking the limit as -ﬂf approaches zero. In addition, the trim thrusts

of the fore and aft propellers are found from:

Fyo)y = ‘j'/ Ul (S +£ L o )

2
Fonle 4 Gt s o1 o L

+ _15 < ua‘z_Z/Z
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Table B-1 tabulates the numerical values of the yaw-plane stability derivatives

(plus the yaw-pitch plane conpling terms) that prevail for single-propeller
operation with the aft propeller thrusting. Note that, unlike the case for
balanced operation, Z,, and Mr- are non-zero, indicating that yaw-pitch

coupling is more severe for the unbalanced operation case,

When the aft propeller is locked and the forward propeller is thrusting, the
individual propeller derivatives can be computed by interchanging the sub-
scripts & and f in Equations (7,2-16), (B-2), and (B-~3) and substituting
numerical values in the expressions for the total derivatives. The results are
tabulated in Table B-2,
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TABLE B-1 ,

@
SINGLE PROPELLER OPERATION - AFT PROPELLER THRUSTING

Furction Fwd Prop Aft Prop Hull Total Units
yA 0 50 - - rpm
o 14.7 4.8 - - deg
T 90 23 - - deg
Ap 1.0 ~1.597 - - -
Ar 1.0 ~2.11 - - -
[Mro/ 291,000 291,000 - - ft-1b
Fzo -3320 50, 000 - - 1b
Ng  -5.66 x 10° -16.91 x 10° - - ft-1b/rad
Y5 -51,400 -154, 000 - - 1b/ rad
Kagy -1.13x10° -3.38 x 10° - - ft-1b/rad
Mg 5. 66 x 10° 16.91 x 10° - - ft-1b/rad
Y3 -4330 -2390 -38, 690 -45,410 lb-sec/ft
Y -476.5 x 10° 262.8x 107  -763x10°  -977x 10> Ib-sec/rad
Yo 0 0 283 x 103 -283x 10° Ib-sec/rad
My -376.5x 10° 262 8x 100 -1.38x10% -1.59x 10° ft-1b-sec/ft
N. .52.42 x 10° 28.91x 105  -101x10® <182 x 10° ft-1b-sec/ra
/‘4- 0 0 -1.70 x 106 -1.70 x 106 ft-1b-sec/ra
K¢ o ) _286x 100 -236x 10° ft-lb-sec/ft
Kr 0 0 arn3x10® o173 xacd fe-1b-ses/ra
Kp  -s2ax 10’ -289 x 10° so.sax10% -7 %108 ft-lb-sec/ra
Zy 11,840 13,910 - 30, 750 Ib-sec/zad
My -1725 39,450 - 57, 700 ft-lb-zec/f
Mar <13 x 10° -4. 30 x 106 - -5.95 x 10° ft-lb-sec/ra
7 2.72 x 10° . 272 x 10° ft-lb~-scc/ra
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Function Fwd Prop

ST 50

12 4.8

o} 23

AP .1.597
7‘7‘ -2.11
/Mzo 291,000
Fzo 50, 000
NE  _16.91 x 10°
s -154, 000
Kac -3.38x10°

[}

Mg 16.91 x 10°
7% -2390

Y7 -262, 800

P o

My 262,800
Mp 28 a1 108
Ne o

Kun o

Kr o

Kp  -289 000
Zr  .18:910
My 50,430

x4 4ox10°

e e

TABLE B-2

Aft Prog

0
14,7

90

1. 00

1. 00
291,000
-3320
-5.66 x 10°
-51, 400
-1.13 x 10°
5. 66 x 10°
4330

-176, 500

0

-176, 500

-52.42 x 10°

© O

2 Fuilienl Gt e G DR BT s et

SINGLE PROPELLER OPERATION - FWD PROPELLER THRUSTING

Hull Total Units
- . rpm
- - deg
- - deg
. - fe-1b
. - 1b
- - ft-1b/rad
- - lb/rad
- - ft-1b/rad
- - ft-1b/rad
-18, 690 -45, 410 lb-sec/ ft
-763,000 -549,000 1b-sec/rad
-283,000 -283,000 1b-sec/rad
-4.38x 107 -4.17x 10° ft-1b-sec/ft
-101x 10°  -182 x 10° ft-1b-sec/rad
-1.70 x 10°  -1.70 x 10° ft-1b-sec/rad
-286, 000 -286, 000 ft-1b-sca/ft
S17.3x 10° 217,33 x 10 ft-1b-sec/rad
6,53 x10% 27,35 10® ft-1b-sec/rad
- 30, 750 lb-sec/rad
- -57, 700 ft-lb-sec/ft
. -5.95 x 10° ft-1b-sec/rad
. 2.72 x 10° ft-1b-sec/rad
AG-1634-V-2
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APPENDIX C
PROPELLER-INDUCED AXIAL INFLOW VELOCITY

An expression for the axial component of propeller-~-induced inflow velocity
(derived from combined blade el*ment-momentum theory) that includes the

effect of forward velocity, ¥, is given in Reference 10 as:

LB, ML N [,, zen (4 -£r) (-1
2 /6T frat e AL
’V"E«”- rxs /‘C_”;_/L

in which (K ta the propeller blade chord and all other symbols are aa

previously defined. If the following substitutions are made:
a4
S Y7,
B = /VCI/Z”"£ DX 2  (for the postulated configuration)
& =
“ 5‘7
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(C-1) becomes:

-
< % ,_z[/,,,‘\/,,‘ Zodu (€-2)

The inflow at hovering conditions, Equation (4. 1-38), was fo.und by letting -
U - O 1n (C-2) and curve-fitting a quadraiic to a plot of ‘-"/@JL vs & .
The following expression: -

&5 Tadrbs/s/ , (c3)

g
was obtained)with 2 - .95 and f = -1.0, and yields values of lé,:_' accurate
to within better than 10% for& up to about 0.3 rad. The values of &and
given in Reference 1(. 86 and -. 60 respectively) are considered to be less

accurate than the values cited above for the conditions that actualiy prevail.

For the low-forward speed work of Secticn 6.3 a form of (C-2) is used in which
the square-root term 1s replaced by the first two terms of a binomial expansion.
This procedure is fairly accurate if the second term under the radical satisfies

.
the vestr:ction that

2 ?f(g_
(eh) “(zz)4

/
< =
2 (C-4)

Thus, (C-2) becomes.

£ o g3 24 [l 1 (C-5)
2l (21’-@ 4)/(&)’;’@77‘)_— +‘.’4

Th:~ condivion should be checned for cach case bein: considereas
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